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Editorial on the Research Topic
Impact of the COVID-19 lockdown on the atmosphere

The most dominant impact of human activities on the atmosphere is particle and
gaseous pollution (Ramanathan et al,, 2001). The rapidly rising trend in anthropogenic
pollution levels has been evidenced for many decades in satellite and in-situ
measurements (Akimoto, 2003). These high amounts of pollutants have impacted air
quality, hydrology, and climate, posing grave risks to the ecosystem and economy (Settele
etal., 2014). The economic slowdown caused by the COVID-19 pandemic measures led to
a reduction in transportation, industrial emissions, and energy use (Fadnavis et al., 2021).
Thus lockdowns resulted in a decline in emissions of aerosol particles and gaseous
pollutants globally. These effects were more pronounced over densely populated regions
e.g., South and East Asia. The remote sensing observations showed a cleaner atmosphere
with a ~30% reduction in aerosol optical depth over Asia during the lockdown period
between April and May 2020 (Soni, 2021). The latest research conducted on pollutants
levels during the lockdown period highlights the impact of reduced pollution levels on
atmospheric processes through changes in clouds, radiative forcing, atmospheric heating,
and circulation. The Research Topic here explores the atmospheric impacts in response to
the reduction in amounts of anthropogenic pollutants. Does reduced level of pollutants
during the lockdown period provide a pathway for climate mitigation strategies?

To summarize, this Research Topic presents nine researched articles addressing the
key questions raised on our Research Topic. Here, we summarize the highlights of the
papers. This research will be helpful for pollution control and climate mitigation strategies
for policymakers.

Mallik et al. highlight interesting effects of pollution levels. They show signatures of
reduced emission on levels of atmospheric trace gases and aerosol particles contributing to
air pollution over multiple sites in India’s capital Delhi. A clear impact of lockdown is
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observed for AOD, PM, NO,, CO, and SO, as a result of emission
changes while changed precursor levels led to a change in ozone
chemical regimes impacting its concentrations.

Singh et al. provide a comprehensive analysis of Particulate
Matter at New Delhi, India, and Riyadh, Saudi Arabia during the
COVID-19 lockdown period. Their findings reveal different
trends in PM10 during the pre-lockdown and the lockdown
period in Riyadh, showing considerable influence from sand and
anthropogenic sources during the lockdown periods.

Features of pollution parameters over an urban and adjoining
rural region in India during COVID-19 are addressed by
Sonbawne et al. This study reports that despite a reduction in
NO,, there is an increase in ozone amount at Delhi and
Panchgaon during the lockdown. The observed enhancement
in ozone may be resultant of the complex photochemical
processes that involve the presence of NO,, CO, Volatile
Organic Compounds (VOCs), and water vapor.

Aerosol variations over India during the lockdown period
using multiple satellite observations are reported by Bhawar et al.
These observations show a 40% reduction in aerosol optical
depth over the Indo-Gangetic Plain. On the contrary, central
India showed ~12% AOD enhancement. This study reveals that
the increase in AOD is because of transported biomass-burning
aerosols. The biomass-burning aerosols forms a layer near
2-4km that produced a heating of 3-4K/day and a
consequent negative radiative forcing at the surface of
~ =65 W/m* (40 W/m®) over the central Indian region.

Asutosh et al. report the intensification of rainfall over India
during the lockdown period, the spring of 2020. The satellite data
and model simulations show that the reduction in anthropogenic
emissions during the COVID-19 lockdown period have
enhanced the precipitation by 5-25% over India. The
precipitation enhancement results from the combined effect of
an enhancement in cloud cover, a reduction in aerosol-induced
cloud invigoration, and dynamical changes. The paper reports an
advantage of anthropogenic pollution reduction for water
availability besides benefits to air quality, human health, and
crop yield.

Further, Lawand et al. show the variability of aerosol and
clouds over North India and Myanmar during the COVID-19
lockdown period. They study shows that aerosol particles
originating from biomass burning lead to cloud dissipation/
burning and precipitation reduction (-1 to —4 mm) over
Myanmar. Whereas, the aerosol reduction over North India
favors cloud formation, i.e., increase in cloud cover leading to
precipitation enhancement indicating the anti-Twomey effect.

Wang et al. report the impact on air quality during the
COVID-19 lockdown in Northeast China. They report the
impacts on large-scale weather circulation patterns that
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affected the northeast region. They found that under the
influence of the updraft in front of the trough, the ozone
concentration is higher. The changes in the concentrations of
PM,s, NO,, CO, SO,, and O; in the three cities, namely
Shenyang, Changchun, and Harbin, during the lockdown
period tend to first decrease and then increase, while the
changes in O; concentration are cyclical and increased
significantly during this period.

Changes in urban gas-phase persistent organic pollutants
during the COVID-19 lockdown in Barcelona are reported by
Prats et al. This study highlights variations in the composition of
polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls
(PCBs), hexachlorobenzene (HCB), pentachlorobenzene (PeCB),
and organophosphate flame retardants (OPFRs) present in the
gas-phase fraction of the atmosphere of Barcelona during the
lockdown and before this period.

Milicevi¢ et al. address the impact of the COVID-19
restrictive measures on urban traffic-related air pollution in
Serbia. Their analysis shows a positive correlation of daily
NO, concentrations with mobility and their significant
reduction during restriction measures at all the selected
monitoring stations. The O3 concentrations were increased at
all measuring stations and are negatively correlated to mobility.
The findings suggest the justification for the use of traffic
reduction strategies as a measure to improve air quality.
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Changes in Urban Gas-Phase
Persistent Organic Pollutants During
the COVID-19 Lockdown in
Barcelona

Raimon M. Prats*, Barend L. van Drooge, Pilar Fernandez, Esther Marco and
Joan O. Grimalt

Institute of Environmental Assessment and Water Research (IDAEA-CSIC), Barcelona, Spain

The composition of polycyclic aromatic hydrocarbons (PAHSs), polychlorobiphenyls
(PCBs), hexachlorobenzene (HCB), pentachlorobenzene (PeCB), and organophosphate
flame retardants (OPFRs) present in the gas-phase fraction of the atmosphere of
Barcelona was analyzed during the SARS-CoV-2 coronavirus disease (COVID-19)
lockdown and prior to this period. The changes in daily concentrations of CO, NO, NOo,
O3 and particulate matter smaller than 10 um (PM1o) were considered for comparison.
Bayesian analysis considering serial dependencies and seasonality showed statistically
significant decreases of CO, NO, NO», and PM1q (between —28 and —76%) and O3
increases (+45%) during lockdown. However, the lockdown concentration decreases
of PeCB (—90.5%, from 8.5 to 0.8 pg m~3), HCB (—79%, 25.5-5.4 pg m~3) and some
PAHSs, such as benz[alanthracene (—87%, 120-17 pg m~2) and pyrene (—81%, 3,500
680 pg m—3), were even stronger. The PAH depletion ranged between —68 and —87%
that could be primarily associated with the strong reduction of traffic mobility during this
period (—80%). Besides traffic reduction, the observed air quality improvements could
be related to lower generation of solid urban residues (—25%) and the subsequent
decrease of urban waste incineration (between —25 and —28%). Tributyl phosphate
also showed a reduction in concentration during lockdown but the other OPFRs were
seemingly not affected by this restriction, possibly as a result of the uniform release
from the emission sources, e.g., construction material, industrial applications, and
household products.

Keywords: COVID-19, semi-volatile air pollutants, organic contaminants, passive air sampling, lockdown, air
quality

INTRODUCTION

The outbreak of a novel respiratory disease in China, caused by the SARS-CoV-2 virus and named
coronavirus disease (COVID-19) by the World Health Organization (WHO), was quickly extended
to many other countries generating a global pandemic (Sohrabi et al, 2020). On March 14, a
lockdown was set in all Spain which mandated individuals to remain home except for needs such
as purchasing food and medicines. These measures also included the temporary closure of schools,
universities, some businesses and shops.

In general, lockdown measures have led to unprecedented reductions of air pollutant
concentrations in many regions of the world, including several of the most polluted areas
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POPs During COVID-19 Lockdown

(Berman and Ebisu, 2020; Cameletti, 2020; Le Quéré et al., 2020;
Li et al., 2020; Venter et al., 2020; Zhang R. et al., 2020; Zhang Z.
etal., 2020). Most reports in urban and industrial areas have only
focused on air quality gas pollutants such as nitrogen oxides (NO
and NO,), carbon monoxide (CO), and carbon dioxide (CO,),
and particulate matter (PM;¢ and PM; 5). The same is the case
for satellite imaging methods that can estimate the concentrations
of these gases over large geographical areas (Kaufman et al., 1997;
Krotkov etal., 2016). However, pollution assessment also requires
the measurement of other contaminants that are deleterious for
human health, such as organochlorine compounds (OCs) and
polycyclic aromatic hydrocarbons (PAHs), among others.

Most OCs and PAHs are persistent organic pollutants (POPs),
a group of compounds that are notorious for their resistance to
degradation, potential for long-range atmospheric transport, and
toxicity. They are recognized as a threat to human and wildlife
health (De Voogt et al., 1990; Grimalt et al., 1994; Bostrom
et al., 2002; Lauby-Secretan et al., 2013). PAHs are of great
environmental concern, since several parent (non-methylated)
compounds of these hydrocarbons are human carcinogens and
priority pollutants (Baek et al., 1991; Armstrong et al., 2004).
Hexachlorobenzene (HCB) has been related with obesity (Smink
et al., 2008; Valvi et al., 2014), low fetal growth (Lopez-Espinosa
et al,, 2016), disruption of thyroid metabolism (Sala et al., 2001;
Llop etal., 2017), and higher incidence of thyroid cancer (Grimalt
et al., 1994). Polychlorobiphenyls (PCBs) have also been related
with low fetal growth (Casas et al., 2015; Lopez-Espinosa et al.,
2016), obesity (Valvi et al., 2012) or alterations of the thyroid
function (Chevrier et al,, 2008). In addition, they have been
associated with metabolic disturbances of 25-hydroxy-vitamin
D3 (Morales et al., 2013) and neurotoxicity (Grandjean and
Landrigan, 2014). The production and use of these compounds
have been restricted in many industrialized countries, resulting
in significant endeavors to gradually reduce and prevent their
release and diffusion in the environment. A culminating protocol
for the elimination and monitoring of POPs was elaborated in
2001 during the Stockholm Convention' and has since been
amended to include more compounds.

In addition, organophosphate flame retardants (OPFRs) are
emerging pollutants that are currently used and produced in
increasing amounts to meet the demand for flame retardants
and plasticizers in construction material, industrial applications,
and household products, including electronic devices (Van der
Veen and de Boer, 2012; Du et al., 2019). OPFRs are neurotoxic,
may cause haemolysis, and some of them are carcinogenic
(Dishaw et al., 2011; Van der Veen and de Boer, 2012).
Compared to historical POPs, OPFRs tend to show relatively high
concentrations in outdoor air from urban and industrial areas
(Salamova et al., 2014; Liu et al., 2016; van Drooge et al., 2018b).

Barcelona is one of the most densely populated cities of
Europe, 16,000 inhabitants/km?. Its metropolitan area lacks
significant atmospheric emissions from industries and domestic
heating is generally powered by natural gas. The high traffic
intensity, 13,000-85,000 vehicles/day downtown in 2018, is the
main pollution source (van Drooge and Grimalt, 2015; van

Lwww.pops.int

Drooge et al., 2018a). Other reports (UNEP, 2010) also point at
transport, housing, and related activities as important sources of
emissions of pollutants and products of environmental concern
in Spain (e.g., around 60% of CO, and greenhouse gasses
are emitted from transport and housing-related activities). Air
pollution is therefore closely related to the activities of its
inhabitants. Comparison of the air pollution levels during regular
days and the lockdown period may provide guidelines for the
ultimate achievable air quality standards, namely POPs, upon
ideal management of urban pollution sources. Air samples were
collected in the atmosphere of the city of Barcelona by means
of passive air sampling (PAS) during regular conditions and
lockdown. The results were used to determine possible changes
in gas-phase POP concentrations during both periods. These
pollutants were also analyzed in a remote continental background
location in the Pyrenees for PAS calibration and comparison with
the lockdown atmospheric conditions.

MATERIALS AND METHODS
Air Sampling

Two passive gas-phase air samplers for POP analysis were
deployed during two periods: Bl (15 October 2019-9 January
2020, 86 days) and B2 (9 January 2020-15 July 2020, 188 days).
Bl provided a reference time interval of typical air pollution
conditions in the city. B2 was deployed during lockdown,
although this period was larger than the specific lockdown time
(March 15-June 22, 2020, 100 days). The samples were obtained
using GAPS-style polyurethane foam passive air samplers (PUF-
PASs) as employed in other studies (e.g., Pozo et al., 2009).
The PUF disks (14 cm diameter, 1.35 cm thickness, 369.5
cm? surface area, and 0.021 g cm™> density) were previously
cleaned with acetone, Soxhlet-extracted with hexane for 6 h,
dried under vacuum, and stored in a sealed PET/LLDPE bag at
—20°C. Upon deployment, they were spiked with a Performance
Reference Compound (PRC) mixture of PCBs 3, 9, 15, 32
(all 13C-labeled), 107, and 198 (unlabeled) (Cambridge Isotope
Laboratories, Tewksbury, United States). One field blank was
performed for each sample. These blanks were also doped with
the PRCs, sealed, and stored at —20°C for the entire duration
of the sampling period. The PUFs were immediately extracted
after retrieval at the end of the sampling period. The recovery
of PRCs from each sample was used for the assessment of
the specific sampling rates as explained in the “Theory and
Calculations” section below.

Polyurethane foam passive air samplers were also deployed in
duplicate, in four 4-10-month periods, at six remote locations
in the Pyrenees (September 2017-September 2019). Because of
the minimal local contaminant sources, these sites constitute
continental background reference regions for air pollution levels.
The results obtained with the PUF-PASs were evaluated by
comparison with those from active air sampling (AAS) with a
high-volume pump (MCYV, Collbatd; van Drooge et al., 2004)
which was used in one of these Pyrenean sites between July
and September 2017. The PUF-AAS plugs (6 cm diameter, 5 cm
thickness, 0.028 g cm™> density) used for this purpose were
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located behind glass fiber filters that collected the atmospheric
particle phase. One field blank was performed for every two
duplicate samplers, both for PAS and AAS. All PUFs were cleaned
and stored until extraction as described above.

Meteorological and air quality data were obtained for the
whole Bl and B2 periods, including the pre- and lockdown
intervals within them. Data corresponding to analogous periods
in the previous 2 years were also collected for reference
and description of seasonal variations. Table 1 summarizes
temperature, accumulated precipitation, and wind speed average
values recorded on-site in all locations with Tinytag Plus 2 data
loggers (Gemini Data Loggers, Chichester, United Kingdom) and
from the automatic meteorological network (XEMA stations VS,
72, X8, and X4) of the Catalan Meteorological Service. The
concentrations of CO, NO, NO,, PMjg, and O3 in Barcelona
were obtained for the same periods from the stations of the
Air Quality Network (XVPCA 08019043 and 08019057) of the
Catalan Government.

Extraction and Clean-Up
Both the PUF-PAS disks and the PUF-AAS plugs were subjected
to Soxhlet extraction with hexane (Merck, Darmstadt,
Germany) for 6 h after being spiked with a mixture of
recovery standards containing: tetrabromobenzene, PCB209,
fluorene-d;o, phenanthrene-d;o, fluoranthene-do, pyrene-dio,
benz[a]anthracene-d;>, and chrysene-d;; (Dr. Ehrenstorfer)
as well as an alkyl/aryl phosphate mixture containing tributyl
phosphate-d;,, tris(2-chloroethyl) phosphate-d;;,  tris(1-
chloro-2-propyl)  phosphate-d;s,  tris(1,3-dichloro-2-propyl)
phosphate-d;s and triphenyl phosphate-d;5s (Cambridge
Isotope Laboratories). The extracts were concentrated down
to 2 mL with a rotary evaporator (Biichi, Flawil, Switzerland),
quantitatively transferred into gas chromatography vials, and
further evaporated to 0.5 mL under a gentle stream of nitrogen.
Fifty uL of each extract were cleaned-up and fractionated
using an Agilent 1200 Series Gradient HPLC system (Agilent
Technologies, Santa Clara, United States) equipped with a
quaternary pump, a vacuum degasser, an autosampler, a
thermostated column compartment (set at 30°C), and a
preparative fraction collector. A Tracer Excel 120 SI HPLC silica
column (25 cm X 3 pm X 0.46 cm id.; Teknokroma, Sant
Cugat del Valles) was used for the chromatographic separation.
The elution program was as follows: 100% hexane at 0.5 mL
min~! flow rate for 8 min, then a linear gradient to 100%
dichloromethane at 0.5 mL min~! in 7 min, held until min 20. It
was additionally changed to (80:20%) dichloromethane:methanol
in order to elute more polar compounds remaining in the column
before performing the next fractionation, with a linear flow rate
increase from 0.5 to 1 mL min~! in 10 min, and a final holding
time of 15 min. The fractions containing the target compounds
were collected between minutes 8-15 (PCBs and other OCs) and
15-20 (PAHs). These fractions were evaporated under a gentle
nitrogen gas stream, transferred into gas chromatography vials,
and further evaporated to 0.5 mL. The OPFRs were analyzed
from another extract aliquot, not requiring HPLC fractionation,
but dried by elution through 0.5 g of anhydrous sodium sulfate
previously activated overnight at 450°C.

Instrumental Analysis

The OC and PAH HPLC fractions were run separately by
gas chromatography coupled to mass spectrometry (GC-
MS) with a Thermo Trace GC Ultra-DSQ II (Thermo
Fisher Scientific, Waltham, United States) equipped with
a 60 m x 0.25 mm id. x 25 pm film thickness HP-5MS
fused capillary column (Agilent Technologies). The MS was
operated in electron impact mode (70 eV). The injector,
ion source, quadrupole, and transfer line temperatures were
280, 250, 150, and 270°C, respectively. The oven program
started at 90°C with a hold time of 1 min, then heated to
150°C at 10°C min~! and to 320°C at 6°C min~!, where
it was held for 20 min. Helium was used as a carrier gas at
1 mL min~!. The targeted compounds were the following:
polychlorobiphenyls (PCB28, PCB52, PCB101, PCBI118,
PCB138, PCB153, and PCB180), HCB, pentachlorobenzene
(PeCB), a- and y -hexachlorocyclohexanes (a- and y-HCH),
fluorene (fle), phenanthrene (phe), fluoranthene (flu), pyrene
(pyr), benz[a]anthracene (b[a]ant), and chrysene-triphenylene
(chr+triph). They were identified by their m/z values and
retention times recorded in selected ion monitoring (SIM) mode
(Supplementary Table 1).

The PUF extract aliquots were run for OPFR analysis by
gas chromatography coupled to tandem mass spectrometry
(GC-MS/MS) into an Agilent 7000 Series Triple Quad GC/MS
(Agilent Technologies) equipped with a 30 m x 0.25 mm i.d.
x 0.25 pm film thickness Zebron ZB-PAH capillary column
(Phenomenex, Torrance, CA, United States). The MS/MS was
operated in electron impact ionization mode. The injector,
ion source, quadrupoles, and transfer line temperatures were
280, 230, 150, and 280°C, respectively. The oven temperature
program started at 80°C with a hold time of 1.5 min, then
heated to 220°C at 10°C min~! and to 315°C at 15°C
min~!, where it was held for 5 min. Helium was used as
a carrier gas at 1.1 mL min~!. The targeted compounds
were the following: tributylphosphate (TBP), tris(2-chloroethyl)
phosphate (TCEP), tris(1-chloro-2-propyl) phosphate (TCPP),
tris(1,3-dichloro-2-propyl) phosphate (TDCP) and triphenyl
phosphate (TPhP). They were identified by their m/z transitions
and retention times recorded in multiple reaction monitoring
mode (Supplementary Table 2).

Quantification was performed with internal standard
calibration curves, accounting for extraction and analysis
recoveries. The field blank values were subtracted. LOQ values
ranged between 0.5 and 2.5 pg in column, or 125-625 pg/sampler
for PAHs, OCs, and PCBs, and 250-1,250 pg/sampler for OPFRs.
For average effective sampled air volumes, these correspond to
0.3-1.6 pg m~2 of air for PAHs, 0.4-2.1 pg m~? for OCs, 0.2-1.2
pg m~3 for PCBs, and 0.5-2.4 pg m~> for OPFRs.

Theory and Calculations

As shown in Equation 1 (Harner et al., 2013), the calculation
of gas-phase concentrations (C4, pg m~>) from the pollutant
amounts obtained with PAS (Ny4) requires the determination of
effective sampled volumes (V4, m?®) that are compound- and
location-specific for each sampling period:
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TABLE 1 | Sampling locations, periods of study, and average meteorological conditions (+ standard deviation).

Location Altitude (m.a.s.l.) Period Temperature Precipitation Wind speed (m
Q) (mm) s7)
Barcelona (urban site) 41.388° N, 2.115° E 108 Mean 2018-2019 B1 14.3+0.2 197 £114 1.21 £0.21
B2 16.5+ 0.1 257 +£ 155 1.23 +0.02
Pre-lockdown 11.8+0.2 90 + 91 1.30 £ 0.19
Lockdown 174 £ 0.6 166 £ 73 1.25 £0.03
2020 B1 14.7 £ 3.6 225 1.99 + 1.46
B2 17.3+£5.0 513 2.15+1.39
Pre-lockdown 181 +£26 124 212 +£1.62
Lockdown 18.0+ 4.0 373 215 +1.26
Aiguestortes (continental 42.572° N, 0.932° E 1,619-2,453 2017-2019 Range of averages? 4.7 +£0.2-8.3 484 + 330-1,832  3.70 &+ 1.00-4.27
background) +0.7 + 389 +0.05

4Values for temperature, accumulated precipitation, and wind speed for the sampling site of Aigliestortes are shown as a range spanning the lowest and highest average
values (+ standard deviation) registered over four consecutive 4—10-month sampling periods from six studied mountain locations.

N, N,
Ca = VA - ; —ka t (0
A Vpur K'pup-a [1 —exp (m)]

where N4 is the amount of compound accumulated in the
PUF disk during the sampling time (pg sampler‘l), Vpur
is the volume of the PUF disk (0.00021 m?), K'pyr_a is
the dimensionless PUF density-corrected PUF-Air partition
coefficient Kpyr—4 (Kpyr—4 multiplied by the PUF density, 3pyr
= 21,000 g m™3), ky is the air-side mass transfer coefficient (m
d=1), t is the sampling time (d), and Dfiiy is the PUF's effective
film thickness (0.00567 m).

The sample-specific k4 values needed for V4 estimation can be
derived from the PRC calibration of sampling rates (Rs, m3d1y:

Rs  In(C/Co) K'pur—a Dfiim @)

Apyr t

ka

where Apyr is the PUF’s surface area (0.0365 m?) and C/Cy is
the PCR ratio of amounts (g sampler—!) between exposed and
non-exposed (field blanks) PUFs.

Compound-specific Kpyr—4 values for this type of PUFs are
correlated to octanol-air partition coeflicients (Kp4) through the
following relationship (Shoeib and Harner, 2002):

logKpyr—a = 0.6366 logKoa — 3.1774 (3)

The logKp4 values were corrected for the average temperature of
each sampling site over the sampling period using temperature-
dependent relationships reported elsewhere (Odabasi et al., 2006;
Chen et al., 2016; Harner, 2016; Wang et al., 2017).

RESULTS AND DISCUSSION

Passive Gas-Phase Air Sampling for POP
Analysis

The performance of the PUF-PAS samplers and reliability of the
pollutant concentrations obtained with this system were assessed

by comparison of the results from simultaneous deployment of
these PAS and AAS between September 2017 and September

2019 in Aigiiestortes, a continental background location in
remote high mountains. The quantitative results obtained with
both methods were in good agreement (Table 2). Thus, the
AAS/PAS ratio differences were 0.7-2.1 for PCBs, 1.1 for HCB,
0.3-0.8 for PAHs and 0.3-1.5 for OPFRs. These ratios have
to be compared considering that AAS involves much more
variability than PAS, as the former is only collected over a
few hours and the latter represents average values of several
months of deployment. Therefore, variations in day-to-day
meteorological and atmospheric conditions greatly affect the
resulting AAS levels, especially for compounds like PAHs that
could be influenced by local sources from nearby rural areas
that are much more season dependent. Thus, the differences
between sampling methods were deemed to be within acceptable
ranges, especially at the low observed concentrations, for all
compounds < 50 pg m~> except for Fle and Phe. These
results concur with other studies that established a strong
agreement or no statistical difference between AAS- and PAS-
obtained concentrations, even in urban sites with generally
higher POP concentrations (He and Balasubramanian, 2012;
Kalina et al., 2019). Furthermore, PAS duplicates showed low
average relative standard deviations (RSD), between 9.4 and
23.3% for most compounds, with values above 30% only
observed for the less volatile compounds such as PCB180,
TCPP, TCEP, and TDCP, 34.2, 30.8, 36.3, and 60.1%, respectively
(Supplementary Table 3).

Urban Concentrations of Organochlorine
Compounds, PAHs, and

Organophosphate Flame Retardants

The concentrations of HCB found in the Bl and B2 periods
in Barcelona, 25.5 and 5.4 pg m~>, respectively (Table 2),
were generally lower than those found in other urban areas
from India: average values of 120-260 pg m~> (Chakraborty
et al,, 2010), Bangladesh: 70-685 pg m~> (Nost et al., 2015),
Bosnia Herzegovina: 34 pg m~> (Lammel et al, 2011),
Nepal: 6.3-1,500 pg m~> (Pokhrel et al, 2018), or China:
261 pg m~3 (Zhang et al, 2010). The concentrations of
PeCB, 8.5 and 0.8 pg m~> in Bl and B2, respectively, were
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TABLE 2 | Average compound concentrations in air (gas phase, pg m~2 + standard deviation) in the mountain background (Aigliestortes) and in the urban (Barcelona)
locations, obtained using passive air sampling (PAS), and active air sampling (AAS) methods.

Compounds Aigliestortes (background) Barcelona PAS (urban)
PAS (n = 20) AAS (n =3) B1 B2 Variation %
PCBs PCB28 2.9 +1.0 2.4 +1.5 6.8 2.8 —59
PCB52 2.1 +0.7 1.4 +0.3 iRl 3.4 —68
PCB101 2.7 +1.0 5.7 +1.9 15 6.1 —59
PCB118 2.5 +0.3 4.8 +1.6 13 3.9 —69.5
PCB138 1.6 +0.7 3.0 +0.9 6.7 4.4 —34
PCB153 2.3 +0.2 3.2 +0.9 5.8 2.6 —56
PCB180 0.5 +0.2 0.5 +0.1 b.d.l.2 b.d.l.
*PCBs 14.6 21.0 58.3 23.2 —60
OCs HCB 45 +8.4 49 +4.9 25.5 5.4 —79
PeCB 25 +3.2 b.d.l. 8.5 0.8 —90.5
a-HCH 1.6 +0.3 b.d.l. 3.5 0.5 —86
y-HCH 1.0 +0.4 b.d.l. 12.9 3.9 -70
*0Cs 72.6 49.0 50.4 10.6 -79
PAHs Fle 250 +38 72 +3.6 10,000 2,600 —75
Phe 300 +88 230 +170 18,000 5,800 —68
Flu 39 +16 28 +14 4,000 1,000 —75
Pyr 18 +7.6 15 +6.7 3,500 680 —81
Bla]ant 0.7 +0.5 0.3 +0.1 120 17 —87
Chr+TriPh 5.3 +2.8 1.4 +0.1 240 63.5 —74
2 PAHs 613 347 35,860 10,160 —72
OPFRs BP 1.5 +0.3 0.8 +0.4 260 94 —64
TCEP 6.1 +1.9 2.1 +1.4 230 270 19
TCPP 14 +16 20.5 +15 4,800 4,700 -33
TDCP 1.5 +0.5 b.d.l. 129 187 45
TPhP 7.2 +3.5 b.d.l. 284 268 -5.6
~OPFRs 30.3 23.4 5,703 5,519 -3.2

ah.d.I. Below detection limit.

similar to those described in Bosnia Herzegovina, 9.9 pg
m~2 (Lammel et al, 2011). The respective a- and y-HCH
concentrations, 3.5 and 12.9 pg m~3 during Bl and 0.5
and 3.9 pg m~? during B2, were lower than those reported
in other urban areas of Spain: 37 pg m~2 for their sum
(dela Torre et al., 2016).

The concentrations of total PCBs in Bl and B2, 58 and 23 pg
m~3, respectively (sum of congeners reported in Table 2), were
again generally lower than those found in other urban areas from
Italy: 117 pg m~3 (Estellano et al., 2012), Spain: 122 pg m™3
(Pozo et al., 2009), France: 3,100 pg m~3 (Pozo et al., 2009),
Turkey: 153-376 pg m~> (Kuzu, 2016), Argentina: 146-200 pg
m~3 (Tombesi et al., 2014; Astoviza et al., 2016), Chile: 160 pg
m~? (Pozo et al., 2012), Canada: 481 pg m~> (Motelay-Massei
et al,, 2005), Pakistan: 37-293 pg m~3 (Nasir et al., 2014), India:
278 pg m~3 (Pozo et al., 2011), China: 600-7,600 Pg m~3 (Cui
et al,, 2017), and Bangladesh: 7-1,800 pg m~> (Nost et al., 2015).
They were similar to those reported in Nepal: 1.2-47 pg m~3
(Pokhrel et al., 2018).

Total PAHs in Bl and B2, approximately 36,000 and 10,000
pg m~3, respectively (sum of the compounds reported in
Table 2), were found in lower concentrations than those found
in Strasbourg: 51,000 pg m~3 (Morville et al, 2011) and

Istanbul, 21,000-290,000 pg m~3 (Kuzu, 2016) and higher
than those found in the United States: 4,100-12,000 pg m~3
(Pratt et al., 2018).

The concentrations of TBP in Bl and B2, 260 and 94 pg
m~3, were lower than those found in urban areas of Germany,
1,550 pg m~3 (Zhou et al., 2017) and those of TCPP, 4,800
and 4,700 pg m~3, respectively, were higher than those found
in these urban areas, 2,700 pg m~> (Zhou et al., 2017). The
concentrations of TDCP, 129 pg m~> in Bl and 187 pg
m~? in B2, and of TPhP, 284 pg m~> in Bl and 268 pg
m~3 in B2, were higher than those reported in urban air in
Sweden, 7.6 and 47 pg m~3, respectively (Wong et al.,, 2018).

The concentrations of PCBs in Barcelona in the B1 period, 58
pg m~2, were about four times higher than in the continental
background station 14.6 pg m~3 (Table 2), whereas those of
PAHs, 36,000 pg m~>, were about 60 times higher than in
Aigiiestortes, 613 pg m~, and those of the OPFRs were between
38 and 340 times higher (Table 2). The concentrations of HCHs
were two to twelve times higher in Barcelona during the B1 period
compared to the background location (Table 2). In contrast, HCB
and PeCB in the continental background station were nearly two
and three times higher than in the B1 period in Barcelona. The
differences in PCB, HCB and PeCB air concentrations between
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urban and remote sites compared to PAHs and OPFRs could
be explained by fundamental differences in emission sources.
The production and use of PCBs and most OCs have been
restricted for several decades, but they are present in urban waste
at low amounts (Wegiel et al., 2011; Neuwahl et al., 2019) which
constitute a potential source in cities such as Barcelona. However,
these legacy POPs may still be released to the atmosphere
from diffusive secondary sources, including other environmental
compartments (Grimalt et al., 2009), especially so in cold and
remote areas that now might act as repositories for persistent
contaminants such as HCB (Meijer et al., 2003). Contrarily, PAHs
are still emitted from many primary combustion sources, such
as traffic and domestic emissions in urban areas, while OPFRs
are widely applied as flame retardants in construction material,
household products and electronic equipment.

Assessment of the Lockdown Changes
on Airborne POPs and OPFRs

One of the main features of Table 2 is the strong decrease
of HCB and PeCB between Bl and B2 periods, —79 and
—90.5%, respectively (Table 2). At present, the occurrence of
these compounds in the atmosphere of urban areas without
industrial activity is mainly related to waste treatment, including
incineration (EPA, 1986; Martens et al., 1998; Bailey, 2001; Wegiel
et al, 2011). The lockdown period in Barcelona involved a
—24.6% reduction of urban waste generation (a reduction of
almost 20,000 tons of solid waste) which, in turn, represented
incineration decreases between —25 and —28% when quantified
as CO; emission (Montlleo et al., 20205 State of the City, 2020).
These reductions may have contributed to the decrease in the
concentrations of these compounds. Other processes, e.g., less
transport of materials, may also have been relevant for the
observed decrease.

Polycyclic aromatic hydrocarbons also showed high reduction
of atmospheric concentrations, between —68 and —87%
(Table 2). Atmospheric PAHs in urban areas are primarily
generated as by-products of motorized transport. Therefore, the

observed differences are in agreement with the strong reduction
of traffic in Barcelona, —80%, during the lockdown period
(Montlleo et al., 20205 State of the City, 2020).

The atmospheric concentrations of PCBs and other OCs like
the HCHs were also strongly depleted, between —34 and —69.5%,
and between —70 and —86%, respectively. These decreases were
probably related with the —24.6% reduction in waste generation
during lockdown (Montlleo et al., 2020; State of the City, 2020)
as incineration of urban waste is one main PCB source in the
air of urban areas (Neuwahl et al., 2019; Arp et al., 2020) due to
the presence of such compounds in urban waste and their high
resistance to combustion (Neuwahl et al., 2019).

The OPFRs showed different trends (Table 2). TBP was
the only compound following the concentration differences of
OCs and PAHs, which were reflected in a large reduction in
concentration, —64%, between the B1 and B2 periods. In contrast,
the other OPFRs showed small decreases or even increases in
atmospheric concentrations. This is probably related with the
fundamentally different sources of OPFRs, e.g., being related
with construction material, household products and electronic
equipment over time, thus being less susceptible to variations in
urban and industrial activities.

Changes in Atmospheric Gases and

Particles

The average concentrations of CO, PMjy, NO, and NO; in
Barcelona in the B2 period of 2020 show lower values than
those of the 2018-2019 average, whereas these differences are
not observed for Bl (Supplementary Figure 1). Similarly, the
concentrations of these gases and PMjg in the lockdown period
of 2020 are much lower than those in the equivalent time
interval of the 2018-2019 average. This difference is the opposite
in the case of O3, which is consistent with the lack of NO
during lockdown and higher insolation during spring months.
An initial study encompassing the first lockdown weeks (March
14-March 30) showed consistent changes (Tobias et al., 2020).
In the present study, comparison of the data encompassing

TABLE 3 | Results of the Bayesian model for the air pollutant concentrations in the pre-lockdown/lockdown and B1/B2 periods.

Compound Period Average concentration Effect of lockdown Causality
Measured Predicted + SD 95% CI Effect + SD 95% CI p-value Probability (%)
CO (mg m~9) Pre/lock 0.22 0.30 £0.02 [0.26, 0.34] —28% + 6.4% [-40%, —16%] 0.0011 99.89
B1/B2 0.25 0.37 £0.02 [0.33, 0.41] —32% + 5.4% [43%, —22%] 0.0011 99.89
PMyo (ng m—3) Pre/lock 19 31+22 [26, 35] —37% £ 7% [-50%, —23%] 0.0011 99.89
B1/B2 24 30+ 1.8 [27, 34] —20% + 5.9% [-32%, —8.8%)] 0.0010 99.90
NO (ug m=3) Pre/lock 7.4 31+43 [23, 40] —76% + 14% [-108%, —51%] 0.0011 99.89
B1/B2 18 31+ 41 [28, 39] —41% + 13% [-66%, —14%] 0.0033 99.67
NO5 (lLg m—3) Pre/lock 22 47 £ 2.0 [48, 51] —52% + 4.2% [-61%, —44%] 0.0011 99.89
B1/B2 33 52+1.8 [49, 56] —38% + 3.4% [-44%, —31%] 0.0012 99.88
O3 (ng m~9) Pre/lock 56 38+29 [38, 44] 45% + 7.4% [31%, 59%)] 0.0010 99.90
B1/B2 45 45 + 8.0 [39, 51] —0.12% +6.7% [=13%, 12%] 0.4985 50.00

The average concentrations measured during the periods after lockdown restrictions (i.e., lockdown and B2) are compared to the concentrations (+ standard deviation,
SD) predicted by the model from data including the two previous years. Confidence intervals (95%), p-values, and probability of the observed concentration changes

caused by lockdown measures are provided.
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the whole lockdown period using a Bayesian structured time-
series model (Causallmpact 1.2.4 R package, Brodersen et al.,
2015) also allowed to account for the influence of seasonal
effects on the concentration changes. Accordingly, the pollutant
concentrations of 2020 were used as the response series and the
average pollutant data of 2018-2019 as the control series, which
was assumed not affected by the lockdown measures, consistently
with the absence of restrictions in 2018-2019. The applicability
of this model to these data was supported by comparison of
the time series and dummy causal impact analyses performed
with imaginary intervention periods which provided reasonable
predictions and low causality probabilities.

The Bayesian analysis of the whole lockdown period showed
noticeable concentration reductions of CO, NO, and NO,
coinciding with the lockdown measures of March 2020, which
picked up slightly after lockdown easing at the end of May 2020
and finally returned to ordinary levels at the end of lockdown
(Figure 1). The same representations showing the predictions
calculated for the B1/B2 sampling periods can be found in
Supplementary Figure 2. The causal impact analysis of CO,
NO, and NO; concentrations for the pre-lockdown/lockdown
periods yielded statistically significant average variations of —28,
—76, and —52%, respectively (p = 0.0011; Table 3). Despite
the B2 sampling period included some weeks before and after
lockdown, similar (—32% CO) or slightly lower (—41% NO,
—38% NO;) but still significant reductions were observed for the
same compounds, p = 0.0011, 0.0033, and 0.0012, respectively
(Table 3). These differences indicated a direct influence of
lockdown restrictions as consequence of the steep decline in
motor vehicle traffic, the main contributing source of CO and NO
through direct emissions (EEA, 2019) as well as NO, formation
by reaction of NO with atmospheric Os.

The decrease between the usual polluting conditions and the
lockdown period is more intense in areas with a lot of traffic
such as downtown Barcelona, although it is also noticeable in
the north and west forested areas, as shown in Figure 2 where
the atmospheric NO; concentrations are displayed for the B1,
B2, and specific lockdown periods. Comparison of the average
NO; concentrations in the B2 and specific lockdown periods
from this figure shows very similar distributions which support
the representativeness of the sampled B2 interval concerning
lockdown conditions.

Reductions in NO concentrations usually lead to increasing
O3 concentrations (Leighton, 1961), which are also observed in
Figure 1. However, O3 levels usually increase in the months
leading up to the summer (with higher temperatures and
increased solar radiation), which can lead to misidentification of
an effect of lockdown on O3 concentrations. The Bayesian time-
series prediction model used here corrects for seasonal effects by
taking into account data from the previous 2 years and shows
a statistically significant increase of Oz concentrations in the
lockdown period (445%; p = 0.001) which overcomes these
effects. The increases in O3 during the B2 and lockdown periods
are also documented in Figure 2. In this case, the increases in O3
are greater in the forested areas because downtown the NO from
traffic still decreases the concentrations of this oxidant. Again, the
differences between the B2 and lockdown periods are small.
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FIGURE 1 | Representation of the concentrations of atmospheric pollutants in
Barcelona during the lockdown of 2020 and the corresponding Bayesian
model predictions. The pre-lockdown/lockdown and the PAS-sampled B1/B2
periods are delimited by dashed, vertical, red and green lines, respectively. For
each compound, the top graphs show daily average concentrations recorded
in 2020 (black continuous line) against a counterfactual prediction based on
2018-2019 average values (blue dashed line). The bottom graphs show the
difference between the observed data and the counterfactual predictions if
lockdown had not occurred. From data of the air monitoring stations of the
Catalan Government.

Concerning PM;jp, the concentration decrease was
noticed both for the lockdown (—37%; p = 0.0011) and
the B2 periods (—20%; p = 0.001). This change is small
in comparison with those observed for the gases except
in the case of CO, which suggest that besides traffic other
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FIGURE 2 | Spatial distributions of airborne NO» (A-C) and O3 (D-F) Barcelona, averaging in the B1 [15 October 2019-9 January 2020; (A,D)], B2 [9 January
2020-15 July 2020; (B,E)] and specific lockdown [15 March 2020-22 June 2020; (C,F)] periods. The plotted values (jug m3) are the averages of the daily
measurements between 7 and 20 h. Note that the north and west zones are forested. From data of the air monitoring stations of the Catalan Government.

°5 2 8 8 % 8 2 8

sources contributed to the atmospheric concentrations of
PMy in the city.

These results are in the range of those reported in other
studies from several European and Mediterranean urban areas
that also experienced lockdown conditions during the first half
of 2020. Other studies in the city of Barcelona reported NO;
reductions in concentration of —50% (Baldasano, 2020), —47
to —61% (Petetin et al., 2020), and —51% (Tobias et al., 2020).
These values are similar to those reported in Madrid, —39 to
—59% (Petetin et al., 2020), —62% (Baldasano, 2020), and —35
to —50% (Shi et al., 2021), and also to the average meteorology-
normalized Spanish average of —50% (Petetin et al., 2020). Other
European cities also presented comparable NO, reductions like
—61% in Milan (Collivignarelli et al., 2020), —39% in Lucca
and —39% in Florence (Donzelli et al., 2020), —32% in Athens
(Grivas et al.,, 2020), and somewhat larger than —16, —27, —8,
—26, and —11% in Milan, Rome, London, Paris, and Berlin,
respectively (Shi et al., 2021). Our results for other pollutants
are also similar to those reported for PM;p: —31% in Barcelona
(Tobias et al., 2020), —48% in Milan (Collivignarelli et al., 2020),
and —31% in Florence (Donzelli et al., 2020); for CO: —58% in
Milan (Collivignarelli et al., 2020) and —35% in Athens (Grivas
et al., 2020); and for NO: —42% in Pisa (Donzelli et al., 2020).
Finally, compared to our results, other reports show similar O3
variations in Barcelona: +33% increase during the first lockdown
weeks (Tobias et al., 2020); slightly lower variations of —2% to

+30% in several European cities (Shi et al., 2021); and much
higher variations of +252% in Milan (Collivignarelli et al., 2020).

Moreover, air pollutant concentration reductions over the
first weeks of lockdown have also been reported in a broader
scale through satellite imaging techniques. The European Space
Agency reported central and southern European reductions of
NO; concentrations in Madrid (—48%), Rome (—49%), Milan
(—47%), and Paris (—54%) (ESA, 2020a,b). These values are well
in agreement with the values summarized in the paragraph above,
as well as in the range of those reported here for the city of
Barcelona (Table 3).

Finally, daily precipitation episodes are also represented in
Figure 1. Comparison with the daily concentrations of all
gases (i.e, CO, NO, NO;, and O3) and PM;( evidences that
rain events generally do not coincide with noticeable drops
in their atmospheric concentrations. This is consistent with
results presented by other studies assessing changes in air
pollution during lockdown in several cities in Spain, which found
no correlation between precipitation values and air pollutant
concentrations (Briz-Reddn et al., 2021). Contrarily, the overall
trend in concentration differences was consistent with the
lockdown period, leaving wet precipitation as a minor driving
factor in reducing air pollutant concentrations. This observation
can be extrapolated to the atmospheric POP distributions.
Rainfall rates averaged by sampled time can be derived from
Table 1 and are sufficiently similar for both PAS-sampled periods
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(2.6 and 2.7 mm day~! for Bl and B2, respectively) as to not
expect considerable differences in washout, leaving the lockdown
as the main cause for pollutant reductions.

CONCLUSION

All examined airborne pollutants showed lower concentrations
during lockdown than in the regular period. PeCB was the
compound displaying the highest lockdown decrease, —90.5%,
followed by HCB and some PAHs such as b[a]ant and pyr,
—79, —87, and —81%, respectively. In general, PAHs were
the pollutants with higher reduction, —68 to —87%. Other
compounds such as PCBs decreased by —37 to —69.5%.

The drops in atmospheric PAH concentrations can be
associated with the strong traffic decrease during lockdown,
—80% on average, and the significant reduction of harbor
activities in this time interval, in the order of —65%. The
present results regarding atmospheric PAHs indicate that the
observed improvement of urban atmospheric quality related
with lockdown restrictions was even better than recorded in
the changes of nitrogen oxides and CO, providing a more
holistic approach.

The study of other pollutants such as HCB, PeCB, and PCBs
also evidences other atmospheric improvements related with the
lockdown period such as the beneficial effects of reduction in
the generation of solid residues and the subsequent reduction
of urban waste incineration. The concentrations of PCBs during
the B2 period in Barcelona were very close to those of remote
sites such as the Pyrenees, with HCB and PeCB showing lower
levels than those in these remote areas even during the pre-
lockdown period.

Concerning the OPFRs, TBP also showed a decrease during
lockdown but the other compounds of this group were seemingly
not affected by the restrictions, possibly as a result of distinct and
uniform release from their emission sources, e.g., construction
material, industrial applications, household products, and others.

All in all, a significant decrease on the gas phase
concentrations of atmospheric pollutants with current sources
linked with anthropogenic urban activity was observed as
consequence of the lockdown restrictions. O3 is an exception
related to processes other than traffic. The present work evidences
the effectiveness of reducing overall anthropogenic emissions on
a relatively short time span, not only in air quality indicator
pollutants but also in many POPs. This highlights the potential of
much needed policies that tackle air quality in a more stringent
and broader way, which should stem from reports like the one
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The COVID-19 lockdown restrictions influenced global atmospheric aerosols. We report
aerosol variations over India using multiple remote sensing datasets [Moderate Resolution
Imaging Spectroradiometer (MODIS), Ozone Monitoring Instrument (OMI), Cloud-Aerosol
Lidar, and Infrared Pathfinder (CALIPSO)], and model reanalysis [Copernicus Atmosphere
Monitoring Service (CAMS)] during the lockdown implemented during the COVID-19
pandemic outbreak period from March 25 to April 14, 2020. Our analysis shows that,
during this period, MODIS and CALIPSO showed a 30-40% reduction in aerosol optical
depth (AOD) over the Indo-Gangetic Plain (IGP) with respect to decadal climatology
(2010-2019). The absorbing aerosol index and dust optical depth measurements also
showed a notable reduction over the Indian region, highlighting less emission of
anthropogenic dust and also a reduced dust transport from West Asia during the
lockdown period. On the contrary, central India showed an ~12% AOD enhancement.
CALIPSO measurements revealed that this increase was due to transported biomass
burning aerosols. Analysis of MODIS fire data product and CAMS fire fluxes (black carbon,
SO,, organic carbon, and nitrates) showed intense fire activity all over India but densely
clustered over central India. Thus, we show that the lockdown restrictions implemented at
the government level have significantly improved the air quality over northern India but fires
offset its effects over central India. The biomass-burning aerosols formed a layer near
2-4 km (AOD 0.08-0.1) that produced heating at 3—4 K/day and a consequent negative
radiative forcing at the surface of ~—65 W/m? (+40 W/m?) over the central Indian region.

Keywords: COVID-19 lockdown, aerosol pollution over India, radiative forcing and heating, aerosol layer in the lower
troposphere, fires over central India

1 INTRODUCTION

There are growing concerns about aerosol pollution over the Indian region due to the negative effects
they produce on health and the hydrological cycle (Meehl et al., 2013; Vinoj et al., 2014; D’Errico
etal., 2015; Fadnavis et al., 2017a; Fadnavis et al., 2019a). During the past decade, India recorded the
highest levels of air pollution (World Bank and International report 2020). In India, ~51% of the 1.4
billion people population are persistently exposed to air pollution. Aerosol pollution over India has
increased hazy days at a rate of 2.6 days per year (Thomas et al., 2019). This aerosol pollution has
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caused 8.8% of the total deaths (Report by Indian Council of
Medical Research, 2017; ITHME Report, 2019). Other than
anthropogenic sources, smog events have proven fatal during
the last decade (Spears et al., 2019; Pandey and Vinoj, 2021).

Aerosol pollution over the Indian region is attributed to
economic development, traffic emissions, and land-use changes
(Fadnavis et al., 2013; Guttikunda et al., 2014; Hama et al., 2020).
Aerosol Radiative Forcing over India (ARFI) net observations
show the rate of increase at 2.3% per year in aerosol loading over
India (Krishna Moorthy et al., 2013). Pollution levels over urban
and rural regions are equally high (Dey et al., 2012; Hammer et al.,
2020). According to the Intergovernmental Panel on Climate
Change (IPCC, 2014), India contributes ~38-78% to the
anthropogenic aerosol global mean and 3-9% to biomass-
burning aerosol (David et al., 2019; IPCC, 2014). Agricultural
fires and crop residue activity during winter/spring cause a
substantial increase (43%) in aerosol loading over North India
(Jethva et al., 2019; Fadnavis et al., 2021).

The novel coronavirus (COVID-19) made its first appearance
in December 2019 and quickly spread all over the world
(Fadnavis et al, 2021). Transmission during the COVID-19
pandemic outbreak was facilitated by certain atmospheric
conditions and pollutants (Lolli et al., 2020; Lolli and Vivone,
2020; Jiang et al., 2021). To restrict the spread of COVID-19,
lockdown measures were imposed in January in China, and later
in other countries all over the world (Chauhan and Singh, 2020;
Paital, 2020; Yunus et al., 2020). India confirmed its first case on
January 30, 2020, and later COVID-19 spread started rising
exponentially. To strengthen the health infrastructure and
restrict the spread of COVID-19, the Indian government
imposed a Janata curfew on March 22, 2020 and, after that, a
complete lockdown between March 25-April 14, 2020 (Chauhan
and Singh, 2020).

The lockdown measures implemented at government level,
e.g., restrictions on public transport, freights flights, shutting
down industries, etc. reduced the aerosol optical depth (AOD)
in different parts of the globe (Le Quéré et al., 2020; Kaskaoutis
et al, 2021). The MODIS observations showed an ~40%
reduction in aerosols over North India (Gautam, 2020; Jain
and Sharma, 2020; Fadnavis et al, 2021). The in-situ
observations over Kanpur, a station in North India, showed a
reduction of 20-30% of AOD compared to 2017-2019 (Shukla
et al., 2020). A drop in AOD by 0.16 over the entire Indian
landmass was reported by Mishra and Rathore (2021). There was
a substantial decrease of ~35% in the PM2.5 concentrations
across the cities in the Indo-Gangetic belt (Das et al., 2021).
However, there was an increase in AOD over south India (Le
Quéré et al, 2020; Pandey and Vinoj 2021). The aerosol
enhancement over South India is linked to local biomass
burning activity (Singh et al., 2020; Sanap, 2021).

In this paper, we report how the aerosol vertical distribution
impacted the heating rates and radiative forcing over India during
the lockdown period of March 25-April 14, 2020. Our analysis
shows a decrease in AOD over North India and enhancement
over Central India (78°E-85°E, 18°N-25°N). The aerosol
enhancement over central India is due to large amounts of
fires associated with agricultural activities. Further, we show
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that the smoke aerosols formed a layer of nearly 3-4 km that
caused atmospheric heating and affected the radiative forcing
over India. The results are derived from satellite observations
(MODIS, OMI, CALIPSO) and CAMS reanalysis during
March-April 2020. The paper is organized as follows: data
and methodology are described in Section 2, results and
discussions are given in Section 3, and conclusion are made in
Section 4.

2 DATA AND METHODOLOGY

2.1 Satellite Retrievals
High-resolution vertical profiles of clouds and aerosols were
obtained from the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite (CALIPSO) (Winker et al.,2010; Winker
et al, 2007). The CALIPSO payload, polarization-sensitive
backscatter lidar, known as the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP), operates at 532 and
1,064 nm wavelengths. The CALIPSO satellite has been
observing the vertical distribution of aerosols since June 2006.
The primary instrument on CALIPSO is CALIOP, a nadir-
viewing dual-wavelength (532 and 1,064 nm) dual polarization
at 532 nm, elastic back-scatter lidar (Hunt et al., 2009). Level 2
algorithms detect features, assign type classification for aerosols,
and retrieve extinction coefficients from the attenuated
backscattered signals. The extinction algorithm retrieves
vertical profiles of extinction, reported separately for aerosols
and clouds. Aerosol extinction is not reported within clouds
because the lidar signals are dominated by cloud scattering and so
atmospheric features are classified as either aerosols or clouds and
the retrieved extinction is reported for only one or the other. The
aerosol profile product combines the profiles retrieved within
aerosol layers to report vertical profiles of extinction coefficients
at 5km horizontal resolution. The vertical resolution is 60 m
from 0.5 to 20.2 km and 180 m above 20.2 km. For the 5 km along
CALIPSO track horizontal averaging, 15 consecutive level 1 B
profiles are used (Tackett et al., 2018). The lidar ratios and their
uncertainties for several of the aerosol subtypes have been revised
in version 4 (Kim et al., 2018). It is said that the reductions in the
relative uncertainties associated with the improved lidar ratios
will reduce the relative uncertainties in the retrieved extinction
coefficients and optical depths. These improved lidar ratios in V4
are a better representative of actual conditions than in previous
data releases (Young et al., 2018). Here, in the present study, we
used the level 2 version 4.10/4.20 CALIPSO aerosol profile (APro)
data for the period 2010-2020 (https://asdclarc.nasa.gov/project/
CALIPSO). The details of the lidar ratio selection algorithm are
well documented by Kim et al. (2018). We used the extinction
profiles of aerosol and the optical depth for dust and elevated
smoke aerosols at 532 nm. These extinction profiles were used to
calculate the aerosol optical depth profiles at pre-defined altitudes
including higher numbers in the altitude-range 1-10 km. We
gridded these profiles at a 1x 1 degree resolution.

The aerosol optical depth data obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS) were also
analyzed to understand aerosol variations over India. The
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MODIS sensor measures radiances at 36 bands, ranging from
visible to infrared and varying spatial resolutions. Here, we used
daily AOD at 550 nm from the MODIS (MODO08_D3) collection
6.1 level 3, combined dark target and deep blue, from 2010 to
2020 (Hsu et al., 2013; Levy et al., 2013; Wei et al., 2019a; Wei
et al., 2019b) (https://giovanni.gsfc.nasa.gov/giovanni). The past
studies show that CALIPSO AOD is biased towards lower values
as compared to MODIS (Kim et al., 2013). Kittaka et al. (2011)
found that the biases between them vary with season and are
higher over land than ocean. The observed biases may due to
various reasons, e.g., MODIS has a higher frequency than
CALIPSO (Ma et al., 2013).

We also analyzed Absorbing Aerosol Index (AAI) from the
Ozone Monitoring Instrument (OMI) launched in 2004 (Torres
et al., 2007). The level 3 data for the period 2010-2020 were
obtained from http://giovanni.gsfc.nasa.gov/giovanni/. MODIS
fire data (https://firms.modaps.eosdis.nasa.gov/active_fire/)
were used to plot the location of fires during March-April
2020. The fire data with a confidence level above 80 were used
to locate the fires.

2.2 Reanalysis Data Sets

We also used the Copernicus Atmosphere Monitoring Service
(CAMS) near-real-time observations of the location and intensity
of active fires to estimate the emissions of pollutants. The
Copernicus Atmosphere Monitoring Services (CAMS) uses
wildfire as a general term to describe active vegetation fires
detectable by the satellite. This also includes forest, grassland
and peat fires, and open burning of agricultural waste (https://
atmosphere.copernicus.eu/fire-monitoring). We referred to it as
fires since during the lockdown period fires were mostly from
agricultural burning. CAMS estimates are based on the Global
Fire Assimilation System (GFAS). We also used the CAMS-
derived fluxes of black carbon, organic carbon, total carbon,
sulphate, ammonia, and particulate matter that have a
diameter of less than 2.5um (PM2.5) for the period
2010-2020 (https://apps.ecmwf.int/datasets/data/cams-gfas/).

It should be noted that the horizontal resolution of all data sets
used in this study (CALIPSO, MODIS, OMI, CAMS) is 1x 1
degree and for the period 2010-2020. We show changes in AOD,
dust optical depth, and elevated smoke optical depth during the
lockdown period in comparison to climatology (2010-2019). To
check whether these changes are significantly different than
climatology, we apply two-sided Student’s t-test (Zimmerman,
1987; Walpole and Raymond, 2006). If the p-value is less than
0.05 (95% significance level), then we reject the null hypothesis
and conclude that the differences are significant.

2.3 Radiative Transfer Model

The direct aerosol radiative forcing and heating rate are assessed
through the one-dimensional parallel plane Fu-Liou-Gu (FLG)
Radiative Transfer (RT) model (Fu and Liou, 1992; Fu and Liou,
1993; Gu et al., 2003; Gu et al., 2011; Lolli et al., 2019). The FLG
RT code is initialized with the lidar vertically resolved CALIPSO
optical depth profiles corresponding to the different aerosol
species, which were matched to the Optical Properties of
Aerosol and Clouds (OPAC) (D’Almeida et al, 1991; Tegen
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and Lacis, 1996; Hess et al., 1998). Catalog-based physical and
optical models are embedded in the code (Gu et al., 2011). The
number of levels of the RT model is adjusted to match CALIOP
lidar resolution, i.e., the RT model and the vertically resolved lidar
optical depth observation will have the same spatial resolution.
The total aerosol radiative forcing is computed adding all
contributions (in terms of optical depth) from the different
aerosol species identified by the CALIPSO classification
algorithm in the considered region and matched with the
corresponding FLG aerosol species (Tosca et al., 2017).

From CALIOP data, among the 18 aerosol types parameterized
within the FLG RT model from the OPAC catalog, we considered
only the main two types of interest that match the CALIPSO
classification: transported dust (CALIPSO: “dust”) and black
carbon (CALIPSO: “smoke”). To compute the radiative forcing
at the top of the atmosphere and at the surface, the FLG RT model,
which also accounts for aerosol hygroscopicity, solves the radiative
fluxes at each level for 18 spectral bands (12 short-wave, 6 long-
wave, Fu and Liou, 1992; Fu and Liou, 1993). Nevertheless, an
important source of error (potential) is represented by Version 4
CALIOP aerosol types parameterization into FLG RT. The
CALIPSO classification algorithm is not able to distinguish
between local urban pollution and an advected smoke aerosol
layer from distant sources that descend below 2.5 km. However, it
is reasonable to suppose that those episodes are infrequent, but
they can still occasionally introduce a bias in the analysis. For each
annually averaged lidar extinction profile used as input in the FLG
code, the aerosol direct radiative forcing (DRF) at the bottom of the
atmosphere (surface) and top of the atmosphere (TOA) and the
vertically resolved heating rate (HR) are computed. These estimates
are obtained by subtracting the net radiative flux when the aerosols
are present in the atmosphere from the net radiative flux obtained
during pristine conditions, as shown in the following equation:

DRF,HR = FLGTotalsky _ gy gPristine

The other data that are needed as input to the FLG model
(i.e., the temperature, the atmospheric thermodynamic variable
profiles, the ozone concentration, and the mixing ratio) are
obtained from the tropical standard atmosphere (USS976).
The FLG radiative transfer model also needs the Solar Zenith
Angle (SZA) for the computation. We use SZA for each box at
noon local time of the 15th day of that month. Following the
approach used in Landi et al. (2021), we applied a constant
(wavelength-independent) albedo value of 0.12 for urban
environments, 0.15 for vegetated areas, and 0.37 for desertic
regions (obtained integrating the hemispherical directional
reflectance, Strahler et al, 1999) while the infrared surface
emissivity is set to a constant value of 0.98.

3 RESULTS AND DISCUSSIONS
3.1 Impact on Aerosol Optical Depth

A significant reduction in AOD (~40%) over Western and
Northern India during the lockdown period is evident from
MODIS observations (Figure 1A). A similar reduction (a drop
of ~45% in AOD with respect to climatology 2010-2019) is also
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FIGURE 1 | (A) Spatial distribution of changes in AOD (2020-climatology) from MODIS at 550 nm (%) and wind vectors at 850 hPa averaged for the lockdown
period (March 25-April 14, 2020) are also shown in (A), (B) same as (A) but changes in AOD (2020-climatology) from CALIPSO at 532 nm. Contours in Panels (A,B)
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showed by CALIPSO measurements over this region during the
same period (Figure 1B). Recently, other studies also reported
aerosol reduction over the parts of the Indian region during the
lockdown period, e.g., Pathakoti et al. (2021) showed a decrease in
AOD over the Indo-Gangetic plain by ~24% (climatology
2015-2019) using MODIS data. While a study by Sanap
(2021) showed a reduction of aerosols (~16-27%) over north
India (climatology 2000-2020). Mishra and Rathore (2021) also
reported an overall decrease in AOD by 60% (in comparison to
2019) over the Indian landmass.

MODIS AOD (Figure 1A) shows enhancement (5-30%) over
central India but it is faintly seen in CALIPSO (Figure 1B). It may
be due to limited CALIPSO data (every 16 days overpass at the
same location) during the lockdown period (Winker et al., 2007).
The AOD enhancement over central India may be associated with
aerosols emitted from fires (see discussions in Section 3.2).
Interestingly, enhancement in AOD is also seen over the Bay
of Bengal (12%) and parts of the North Arabian Sea (~22°N) (5%)
in MODIS data (Figure 1A). The atmospheric circulation (wind
at 850 hPa) indicates that aerosol loading over the Bay of Bengal is
associated with transport from India and Myanmar regions.
During spring, anthropogenic and dust aerosols are
transported from the Indo-Gangetic Plain and Myanmar
region to the Bay of Bengal (Nair et al,, 2016). In agreement
with our results, past studies show evidence of anthropogenic
(Satheesh et al., 2001; Kumar et al., 2014; Nair et al., 2016) and
dust (Lakshmi et al., 2017) aerosol loading over the Bay of Bengal
during the spring season. Trajectory analysis-based studies also
show that anthropogenic aerosols over the Bay of Bengal are

associated with transport from the Indian region (Nair et al,
2016). The aerosol enhancement over the Arabian Sea is due to
transport from West Asia (Lau and Kim 2006). During spring,
westerly winds transport dust from West Asia to the Arabian Sea
(Vinoj et al., 2014; Fadnavis et al., 2017b). However, in spring
2020 dust transport from West Asia was suppressed (Fadnavis
etal.,2021). A small enhancement (5%) in AOD over the Arabian
Sea may be due to the transport of small amounts of dust and
biomass-burning aerosols from Saudi Arabia (Figure 1A)
(Discussed in Section 3.2). The enhancement in AOD over
the Bay of Bengal (85°E-95°E, 0°N-10°N) is smaller in
CALIPSO measurements than MODIS (Figure 1B) and no
enhancement is seen over the Arabian Sea. It may be due to
limited CALIPSO data as mentioned above.

3.2 Distribution of Dust and Smoke Aerosols
During Lockdown Period

We understand the influence of dust transport from West Asia on
the Indian region which occurs in spring (Lau and Kim 2006),
here we show the changes in dust during the lockdown period
using CALIPSO measurements of dust optical depth and the OMI
aerosol index (OMI-AAI). The OMI-AAI over the deep inland
area indicates dust aerosols (Brooks et al., 2019). The CALIPSO
dust optical depth and OMI-AAI shows a reduction of ~30% over
the Indian region (Figures 2A,B). The Arabian Sea and Bay of
Bengal regions show a widespread decrease (~20%) with pockets
of a small enhancement in dust optical depth (~14%) and OMI-
AAI (~20%) (Figures 2A,B). It shows that during the lockdown
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FIGURE 2 | (A) Spatial distribution of changes in dust optical depth (%) from CALIPSO at 532 nm, (B) spatial distribution of changes in OMI aerosol index (%), (C)
same as (A) but for CALIPSO elevated smoke optical depth at 532 nm, (D) changes in fire counts distribution (2020-climatology) from MODIS. All the datasets are from
the lockdown period March 25 to April 14. Contours in Panels (A-C) indicate a 95% significance level. Boxes (10°N-25°N; 72°E-81°E) in Panel (D) indicate the location of

Latitude (N)

Lengitude (E)

-20.000 20000 60.000
Aerosol Index (%)

Fire Anomaly 2020

-100.000 -60.000 100.000

40N

30N -

20N

TON A

*%0e

—7—-€6-5—-4-3-2-11 2 3 4 5 6 7
Fire Counts Anomaly

80E 90E 100E

period, in spring 2020, transport of dust from West Asia was
lower than the climatology. The model simulations for COVID-
19 anthropogenic emission changes also showed a reduction of
dust aerosols over the Arabian Sea in the spring of 2020. These
simulations showed that the anthropogenic emission reductions
had induced changes in atmospheric circulation that inhibited the
transport of dust from West Asia to the Tibetan Plateau during
spring 2020 (Fadnavis et al., 2021).

Further, we show anomalies in the vertical distribution of
elevated smoke aerosols from the CALIPSO measurements
during the lockdown period in Figure 2C. The elevated smoke
is a name of a CALIPSO product for smoke layers with tops
higher than the 2.5km above the planetary boundary layer
(McGrath-Spangler and Denning 2013; Kim et al.,, 2018). It
shows positive anomalies over different parts of India that

may be due to the presence of local fires as well as the long-
range transport of biomass-burning aerosols. A striking feature
seen in Figure 2C is a large enhancement (an increase of 0.08-0.1
with respect to climatology) in elevated smoke optical depth over
1) the central peninsular (72°E-81°E, 10°N-25°N), 2) North-East-
India-Myanmar region (93°E-100°E, 15°N-25°N), and a part of
IGP (81°E-88°E, 26'N-31°N. Also, a high amount of smoke AOD
is seen over eastern parts of central India (15°N-24°N; 77°E-82°E).
Other parts of India also show a small enhancement in smoke
optical depth that is substantially less than over the central
peninsula, eastern-central India, and the North-East-India-
Myanmar region (positive anomalies 0.02-0.03) above two
regions. Smoke aerosols may be associated with the fire events
hence we show anomalies of MODIS fire during the lockdown
period (Figure 2D). Figure 2D shows negative anomalies over

Frontiers in Environmental Science | www.frontiersin.org

23

September 2021 | Volume 9 | Article 746090


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Bhawar et al.

Aerosol Radiative Impacts During COVID-19

Apr: Wildfire F

ux of Black Carbon

33N
30N
2N

. . . . s
75E BOE 85E 90E 95E 100E

v
70E

Apr: Wildfire Flux of Amonia

Apr: Wildfire Flux of Organic Corbon

v - - = = - - S
70E 75E BOE 85E 90E 95E 100E 10SE 110E

Apr: Wildfire Flux of Sulfur Dioxide F

C Apr: Wildfire Flux of Total Carbon in Aerosols

0.25
0.12
0.08
0.02
-0.02
-0.08
-0.12
-0.25

Ty

N
Vgt

Apr: Wildfire Flux of Particulate Motter PM2.5

70E 75E 80E 8

lockdown period.

FIGURE 3 | (A-F): Fire flux (kg m™2 s") data for black carbon, organic carbon, total carbon, ammonia, sulfur dioxide, and particulate matter (PM2.5) for the

SE 110E

North India (blue color) and positive anomalies over southern
India, the Northeast-India-Myanmar region, and over central
India (indicated by boxes in Figure 2D). The regions of dense fire
are collocated with higher amounts of smoke optical depth
(Figure 2C). The contribution to elevated smoke aerosol
optical depth over central India is due to these local fires as
well as the transport of smoke aerosols emitted from the
surrounding regions. High amounts of smoke anomalies over
the eastern parts of central India are due to transport (see
circulation in Figure 2B) and not directly emitted by the fires,
since the fire anomalies are negative over eastern parts of central
India. Higher amounts of smoke aerosols (positive anomalies
0.04-0.06) are seen over the Arabian Sea. The wind vectors
indicate this enhancement is due to transport from central
India (Figure 2C).

3.3 Distribution of Fire Fluxes During

Lockdown Period

In this section, we show anomalies in the fire fluxes of black
carbon, organic carbon, ammonia, sulfur dioxide, particulate
matter (PM2.5), and total carbon aerosols during the
lockdown period (Figures 3A-F). Regions of positive
anomalies (>1.5) are referred to as emission hotspots. The
emission hotspots for organic carbon, black carbon, ammonia,
sulphur dioxide fluxes (leads to the formation of sulfate aerosols),
and particulate matter (PM 2.5) are collocated with the regions of

dense fires during the lockdown (central peninsular and the
North-East-India-Myanmar region). The positive anomalies of
fire fluxes over southern India (Figure 3) are collocated with
MODIS fire location (Figure 2D). This confirms that the increase
in anomalous aerosol loading over 1) the central peninsular and
2) North-East-India-Myanmar region is due to fire emissions.
Figures 1-3 show that, although the contribution of
anthropogenic aerosols had reduced, the smoke aerosols over
the central peninsular and North-East-India-Myanmar region
caused an enhancement in AOD over these regions (Figures
1A,B, 2C,D).

3.4 Heating Rate and Radiative Forcing
Carbonaceous aerosols are key components of smoke that absorb
solar radiation producing local atmospheric heating (Galanter
etal,, 2000; Zhang et al., 2020), while they produce a cooling effect
on the climate via inhibiting solar radiation from reaching the
surface (Shawki et al., 2018; Fadnavis et al., 2019b). During the
lockdown period, enhanced smoke aerosols may have affected
atmospheric heating. Here, we deliberate on heating rates and
radiative forcing estimated from elevated smoke optical depth/
profiles averaged for the lockdown period.

Figure 4A shows the spatial distribution of elevated smoke
optical depth from CALIPSO at 532 nm during the lockdown
period. It shows a high amount of elevated smoke optical depth
(Figure 2C), over 1) the central-peninsular region and 2)
Northeast-India-Myanmar region, and low smoke optical

Frontiers in Environmental Science | www.frontiersin.org

24

September 2021 | Volume 9 | Article 746090


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Bhawar et al.

Aerosol Radiative Impacts During COVID-19

25March-14April 2020

25 March - 14 April

Latitude (N)

Altitude (Km)

C " 25 March - 14 April
—IGP —IGP
Central-Peninsular 73 Central-Peninsular
—— NEI-M —— NEI-M

Altitude (Km)

T T
0.00 0.005 0.010

0.015
Elevated Smoke Optical Depth

FIGURE 4 | (A) Spatial distribution of elevated smoke optical depth from CALIPSO, (B) profiles of elevated smoke optical depth averaged over the central
peninsular, Northeast-India-Myanmar region, and IGP, (C) same as (B) but for heating rate (K/day). The horizontal lines in Panels (B,C) indicate standard deviation.

T T
0.020 0.025  0.030

Heating Rate (K/day)

depth in 3) the IGP (depicted in Figure 4A by boxes). The high
values of elevated smoke optical depth are also seen over eastern
parts of central India due to transport (discussed in Section 3.2).
Further we show vertical distribution of elevated smoke optical
depth at the above three regions. There is a significant
enhancement in elevated smoke aerosol optical depth (0.002 +
0.001 to 0.0065 + 0.002) in the lower troposphere (2-5km)
over the central-peninsular region and (0.008 + 0.001 to
0.025 + 0.003) over the Northeast-India-Myanmar region. The
enhancement over the IGP is significantly less than the above-
mentioned two regions due to comparatively fewer fires over the
IGP. Interestingly, all three regions show an elevated layer of
smoke aerosols between altitudes 2-5 km. The elevated layers of
smoke aerosols corroborate well with the regions of high aerosol
optical depths observed over the central-peninsular and
Northeast-India-Myanmar regions (Figure 3). Our analysis
shows that the mean contribution due to elevated smoke
aerosols to altitudes ranging from 2 to 5km is ~57% of the
total columnar optical depth over the central peninsular and
~68% over the Northeast-India-Myanmar region. While elevated
smoke aerosols over the IGP contributed ~18% to columnar
optical depth the during lockdown period. Sarangi et al. (2016)
reported the mean contribution of the aerosol layer from a
1.5-5.5km altitude as ~51-60% to the total columnar aerosol
optical depth for the years 2009-2011 during May-June over
Kanpur.

Figure 4C shows profiles of heating rate estimated from
CALIPSO observations of elevated smoke aerosols over 1) the
central peninsular, 2) Northeast-India-Myanmar region, and 3)
IGP. Heating rate profiles over the Northeast-India-Myanmar
region show a higher amount of heating than over the central-
peninsular region of India. It is quite evident that high amounts of
elevated smoke aerosols during lockdown at altitudes between 2
and 5km over the central peninsular have produced significant
heating at 1.6 K/day +0.5 K/day at those altitudes and ~6.5 K/day
+0.5 K/day heating over the Northeast-India-Myanmar region.
The IGP region shows comparatively less heating at ~0.5 K/day
+0.3 K/day at those altitudes due to smaller amounts of smoke

aerosols. Strong warming is seen locally in the altitudes
corresponding to higher amounts of elevated smoke optical
depth. Also, a large increase in the heating rates is noticed
below the peak in the smoke aerosol profile. For example, a
peak in heating rates over the central peninsular is seen at 3 km
while smoke aerosols show a peak at 3.8 km. Similarly, over the
Northeast-India-Myanmar region, heating rates are maximum at
2.2 km while the aerosol profile has a peak at 2.8 km. This indicates
that the peak in smoke aerosols and heating rates occurs at different
altitudes. This may be due to aerosol heating occurring within a
layer of atmosphere that retains and changes pressure values
(Tripathi et al., 2007). Past studies showed enhancement in
carbonaceous aerosols and increases in the heating rates by
0.08 K/day in the lower troposphere over India (Fadnavis et al.,
2017a). The annual mean atmospheric heating rate due to the BC
aerosols was 0.86 K/day over the Guwahati region during 2014.
Pani et al. (2018) estimated atmospheric heating of ~1.4-3.6 K/day
due to biomass-burning aerosols in the dry season over a station in
southeast Asia.

Aerosol radiative forcing is defined as the net radiative change
by aerosols present in the Earth system. Aerosols significantly
impact the regional climate and this phenomenon has been
largely studied (IPCC, 2014; Vinoj et al., 2014; Fadnavis et al,,
2019a). Decoupling the elevated smoke aerosol optical depth
from the atmospheric column, we estimate the biomass burning
radiative forcing at the surface and top of the atmosphere (TOA)
over 1) the central peninsular, 2) Northeast-India-Myanmar
region, and 3) Indo-Gangetic Plain averaged for the lockdown
period (Figure 5). The estimated radiative forcing at the TOA
shows warming of ~4.8 W/m? over the central-peninsular region,
~15W/m® over the Northeast-India-Myanmar region, and
~1W/m* over the IGP. The lower-tropospheric warming
caused by elevated smoke aerosols has an implication on
atmospheric circulation and cloud cover (Fadnavis et al,
2017b; Fadnavis et al., 2019b).

The estimated surface radiative forcing due to smoke aerosols
over the central-peninsular region is ~—38 W/m?* (+15 W/m?),
~=152W/m? (50 W/m?) over the North-India-Myanmar
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FIGURE 5 | Radiative forcing at the top of the atmosphere (TOA) and at
the surface over central India, the Northeast-India-Myanmar region (NEI-M),
and IGP. Vertical bars indicate standard deviation.

region, and ~—8 W/m? (9 W/m?) over the IGP. The amount of
radiative forcing at the TOA (positive) and surface (negative) over
the three regions is proportional to the amount of smoke aerosol,
e.g., a large amount of smoke aerosols in the North-India-
Myanmar region has imposed higher radiative impacts there
than in the central peninsula and IGP (higher amount of
surface cooling and warming at the TOA). All the three regions
show warming in the atmosphere (in-atmospheric radiative
forcing, TOA-surface), central India: ~73 W/m?> (+40 W/m?),
North-India-Myanmar region: ~167 W/m®> (+50 W/m?®), and
IGP: ~9 W/m® (+9 W/m?).

A previous study also showed positive radiative forcing due to
black carbon aerosols at the top of the atmosphere (~5 W/m? over
Bangalore, ~9.5 W/m? over Guwahati), negative radiative forcing
at the surface (~—23 W/m” over Bangalore and ~-21.1 W/m’
over Guwahati), and in-atmospheric warming (~27 W/ m2+9W/
m? over the Indian region) (Babu et al., 2002; Tiwari et al., 2016;
Nair et al., 2017).

Importantly, these studies show that smoke/carbonaceous
aerosols produce positive radiative forcing at the top of the
atmosphere, negative radiative forcing at the surface, and in-
atmospheric warming is agreement with our results. The
atmospheric heating generated by smoke aerosols has
implications on atmospheric circulation and cloud cover while
the surface cooling might have effects on the precipitation
changes (Lohmann and Feichter, 2005; Ward et al., 2012).

4 CONCLUSION

Diagnostic analysis of multiple data sets from Moderate
Resolution Imaging Spectroradiometer (MODIS), Ozone
Monitoring Instrument (OMI), Cloud-Aerosol Lidar, and

Aerosol Radiative Impacts During COVID-19

Infrared Pathfinder (CALIPSO), and Copernicus Atmosphere
Monitoring Service (CAMS) during the lockdown period,
March 25-April 14, 2020, showed that aerosols, in general,
had reduced over north India, but there was an aerosol
enhancement over central India and the Northeast-India-
Myanmar region. This aerosol enhancement was due to fires.
The fire-emitted smoke aerosols formed a layer at altitudes
ranging from 2 to 5km with subsequent enhancement in the
aerosol optical depth of 0.002-0.005 over the central peninsular
and 0.008-0.025 over the Northeast-India-Myanmar region. The
fires and smoke aerosols, both, were comparatively less over
the IGP.

Elevated smoke aerosols have produced heating locally in the
altitudes corresponding to the higher amount of elevated smoke
optical depth. Also, a large increase in the heating rates is
noticed below the peak in the smoke aerosol profile. For
example, a peak in heating rates over central India is seen at
3 km while smoke aerosols show a peak at 3.5 km. Similarly,
over the Northeast-India-Myanmar region, heating rates were
maximum at 2.2 km while aerosol profiles peaked at 2.8 km. In
general, heating of ~1.6 K/day is seen over the central peninsula,
~6 K/day over the Northeast-India-Myanmar region, and
~0.3 K/day over the IGP. The smoke aerosols produced
significant radiative impacts, warming effects at the top of
the atmosphere, radiative forcing of ~4.8 W/m? in the central
peninsula and ~15W/m” in the Northeast-India-Myanmar
region. The radiative forcing over the IGP was comparatively
less (1 W/m®) than the other two regions. A layer of smoke
aerosol had produced a cooling effect at the surface over the
Indian region (surface radiative forcing of ~—38 W/m? over the
central peninsula, ~ —-152 W/m® over the Northeast-India-
Myanmar region, and —8 W/m” over the IGP) and warming
in the atmosphere (central peninsula: ~42.8 W/m? (£15W/m?),
North-India-Myanmar region: ~167 W/m* (+50 W/m?), and
IGP: ~9W/m?® (+9 W/m?). Thus, our study shows that
significant atmospheric warming was produced by the smoke
produced from fires, although anthropogenic aerosols were
reduced during the lockdown period. Atmospheric warming
has implications on circulation and precipitation (Fadnavis
et al., 2021) and heats the lower atmosphere which causes in-
cloud heating and changes in cloud albedos.
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" Department of Atmospheric Science, Central University of Rajasthan, Aimer, India, °Physical Research Laboratory, Ahmedabad,
India, *Environment and Sustainability Department, CSIR-Institute of Minerals and Materials Technology, Bhubaneswar, India

The COVID-19 pandemic resulted in changed emission regimes all over the world. India
also imposed complete lockdown on all modes of travel and industrial activities for about
2 months from 25-March-2020 and later unlocked these activities in a phased manner.
Here, we study signatures of emissions changes on levels of atmospheric trace gases and
aerosols contributing to air pollution over multiple sites in India’s capital Delhi covering
various lockdown and unlock phases using satellite data and in-situ observations. The
resulting changes in the levels of these species were compared with respect to their
average of 2015-2019 to attribute for year to year and seasonal changes. A clear impact of
lockdown was observed for AOD, PM, NO,, CO, and SO, as a result of emission changes,
while changed precursor levels led to a change in Oz chemical regimes impacting its
concentrations. A detailed analysis of FLEXPART trajectories revealed increased PM levels
over Delhiin north-westerly air masses sourced to Punjab region all the way up to Pakistan.
Changes in aerosols and NO, were not only restricted to the surface but transcended the
total tropospheric column. The maximum decrease in PM, NO,, CO, and SO, was
observed during the month of total lockdown in April. The lockdown impact varied
with species e.g., PMig and PM, 5 as well as locations even within the periphery of
Delhi. While surface level aerosols and NO, showed significant and almost similar changes,
AOD showed much lower decrease than tropospheric column NOs.

Keywords: trace gases, aerosols, lockdown, ozone chemistry, tropospheric NO,, FLEXPART trajectories

INTRODUCTION

Delhi is known for its high levels of air pollution with increasing emissions from various anthropogenic
sources. Apart from local, anthropogenic emissions, Delhi’s air quality is also impacted by transport of
pollutants from the nearby industrial and agricultural sources. Transport of pollutants from the
agriculture residue burning both toward the end of autumn and spring in the nearby states of
Punjab and Haryana is a regular feature every year. Planning effective strategies for controlling the
levels of pollutants needs accurate emission inventories of various sources. The COVID-19 pandemic in
India is part of the worldwide pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). The COVID-19 containment effort such as
countrywide lockdown provided a unique opportunity to study how pollutant levels change in an
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Lockdown Impact on Delhi Pollution

TABLE 1 | Various phases of lockdown in India to arrest the spread of the infection due to COVID-19.

Type Duration Details

Janata 22 March, 2020 (Sunday) All activities totally closed

Curfew

Phase 1 25 March-14 April, 2020 (21 days) All activities totally closed except emergency services

Phase 2 15 April-3 May, 2020 (19 days) All activities totally closed except emergency services, essential items

Phase 3 4 May-17 May, 2020 (14 days) Al activities totally closed with some relaxation for limited transport services, interstate trucks for essential
items etc.

Phase 4 18 May-31 May, 2020 (14 days) All activities totally closed except emergency, limited domestic air travel started on 25th May

Phase 5 Unlock phase 1: 1-30 June, 2020 (30 Most of the activities allowed except in highly affected areas. Shopping malls, religious places, hotels, and

days) restaurants allowed to reopen from 8 June. Educational institutions and cinema halls remained closed. No metro

train service

Phase 6 Unlock phase 2: 1-31 July, 2020 (31 Lockdown measures were only imposed in containment zones. In all other areas, most activities were permitted.

days) Night curfews were effective only from 10 p.m. to 5 a.m. Intra- and inter-state travel was allowed. International
travel remained closed except for limited travel as part of the Vande Bharat Mission. Educational institutions and
cinema halls remained closed. No metro train service

otherwise highly polluted urban atmosphere following a curb in
various anthropogenic emission sources. While this pandemic
started in November 2019 in China, India saw the first case of
COVID-19 on January 30, 2020 and the first reported death on
March 12 (Andrews et al., 2020; 1). Henceforth, the infection rate
continued to increase. A single-day trial lockdown was announced
in India on March 22, followed by the first phase from March 25
and later various other phases for lockdown followed by phasewise
unlock as detailed in Table 1 . There are various studies related to
the impact of lockdown on pollutant levels in different parts of the
world (Le et al., 20205 Sicard et al., 2020; Xu et al., 2020) as well as in
India (Dhaka et al., 2020; Jain and Sharma 2020; Mahato et al., 2020;
Singh et al., 2020; Nath et al., 2021; Panda et al., 2021). Although this
was a nationwide lockdown but we chose to study the impact over
Delhi as it is the most polluted major urban region in India. This
article provides a detailed account of the changes until almost the
end of the government-enforced planned lockdown/unlock periods
in 2020 and with respect to emission sources and lifetimes using
surface-based in situ measurements as well as satellite-based
measurements.

MATERIALS AND METHODS
The Study Locations

For the present analysis, we have focused on the Delhi
metropolitan region (28.20-28.71°N, 77.17-77.38°E). The
reasons are that Delhi is a megacity and home to a population
of 29 million estimated in 2018 and projected to be the world’s
most populous in a decade*®. With an area of approximately

'https://archive.pib.gov.in/archive2/erelease.aspx (Release IDs: 200168 & 200237)
*https://www.mha.gov.in/notifications/circulars-covid-19
*https://www.mha.gov.in/sites/default/filessy MHAorder%20copy_0.pdf
*https://www.populationu.com/in/delhi-population
*http://delhiplanning.nic.in/sites/default/files/2%29%20Demographic%
20Profile.pdf

1,500 square kilometers, a population density of approximately
19,400 per square km, and being the capital city of India, Delhi is
also a hub of connection with close to 11 million vehicles daily
plying the roads of Delhi with a growth rate of 5% in 2018%’.
Apart from that, Delhi also witnesses a significant flux of
industrial emissions including the power plants. The Delhi-
Mumbai industrial corridor is one of the biggest in the world.
Additionally, a significant amount of pollution in Delhi is
attributed to adjoining agriculture waste burning emissions
(Perrino et al., 2011; Rajput et al, 2014). Emissions and air
pollution were also found to impact the vertical temperature
structure over Delhi, leading to accelerated warming (Mallik and
Lal, 2011). So, when the COVID-19 was announced and the
entire functioning transport system came to a halt suddenly, the
impacts were expected to be significant. To understand the
impact of lockdown on the emissions and the subsequent
impact of these changed emissions as a result of enforcement
of wvarious lockdown/unlock phases on atmospheric
concentrations of particulate matter (PM: 10 and 2.5),
nitrogen dioxide (NO,), ozone (O3), cabon monoxide (CO),
and sulphur dioxide (SO,), we have analyzed the respective
data from six different locations in Delhi. These locations are
given in Table 2 and are also shown in Figure 1. The study sites
are: Anand Vihar (AnVh), Punjabi Bagh (PnBg), Shadipur
(SdPr), Central Road Research Institute (CRRI), NSIT Dwarka
(NstD), and EPA/US Embassy Delhi (EPA-D).

Anand Vihar is a posh locality in the Eastern part of Delhi with
many residential colonies and shopping complexes. It harbors a
major railway station and is situated in the east of the River
Yamuna. The major emission sources in this region are likely to
be the residential and traffic sectors. However, in the western part,
there are a few industries manufacturing paper, glass, and
chemicals. While paper industries can be a secondary source

“http://delhiplanning.nic.in/sites/default/files/12%29%20Transport.pdf
"https://transport.delhi.gov.in/sites/default/files/ All-PDF/Total%2BVehicles%
2BRegistered%2Bupto%2B31.03.2018.pdf
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TABLE 2 | Location and characteristics of sites chosen for this study.

Lockdown Impact on Delhi Pollution

Station Latitude (°N) Longitude (‘E) Emission characteristic
Anand Vihar (AnVh) 28.65 77.30 Residential, major interstate bus terminal
Punjabi Bagh (PnBg) 28.67 7713 Residential cum commercial
Shadipur (SdPr) 28.65 77.16 Residential cum commercial
Central Road Research Institute (CRRI) 28.55 77.27 Waste disposal, major highway with heavy traffic
NSIT-Dwarka (NstD) 28.61 77.04 Waste disposal, residential
EPA/US Embassy Delhi (EPA-D) 28.60 77.19 Office area, gardens around
A
<p
v
New Delhi
India [
™
' ~
B Builtup,Urban
M Builtup.Rural
¥ Builtup.Mining
Agriculture,Crop land
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(NstD), and EPA/US Embassy Delhi (EPA-D).

FIGURE 1 | Map of Delhi showing the study locations. The Land Use Land Cover (LULC) map is downloaded from Bhuvan(https://bhuvan-app1.nrsc.gov.in/
thematic/thematic/index.php). The study sites are: Anand Vihar (AnVh), Punjabi Bagh (PnBg), Shadipur (SdPr), Central Road Research Institute (CRRI), NSIT-Dwarka

77°539.18" 28°5124.13"

of SO,, petrol pumps (and vehicles plying) in the region can be a
significant source of hydrocarbons and NO, impacting local O5
chemistry.

The Central Road Research Institute is housed in a green
campus in south east Delhi, just 1 km west of the Okhla Bird
sanctuary on Mathura Road. Despite being in a green area, the
measurements here would be significantly affected by sulfur and
hydrocarbon emissions from landfill, with the Okhla Disposable
Area of Delhi being in the immediate eastern neighborhood. The
area also has several industries related to waste and garbage
management. The area is surrounded by large educational hubs
with IIT Delhi in the south-west and Jamia Millia Islamia in the
north-east. There are a few hospitals toward the north, while
industrial parks are located to the south.

The US Embassy is located in the very green and planned
Chanakyapuri area of New Delhi surrounded by parks and

other tourist attractions. The Rashtrapati Bhavan is less than
1 km to the north, Central Ridge Reserve Forest to the west,
office/market/religious areas to the south, and Safdarjung
Airport to the east. The major local emissions in this area
are likely to be from the transport sector, mostly light motor
vehicles. Shadipur and Punjabi Bagh are located less than 2 km
apart in Central West Delhi and can be characterized as
residential cum commercial area. Additionally, the Naraina
Industrial Area lies 1km south of Shadipur, while the
Mangolpuri Industrial Area and Ordinance Depot
(Shakurbasti) lie north of Punjabi Bagh, so both these areas
are likely to be impacted by mixed emission regimes. Netaji
Subhas University of Technology, Dwarka (NstD, henceforth
NSIT-Dwarka) is located in the western part of Delhi in the
vicinity of Indira Gandhi International Airport, the later lying
to the east of the monitoring station in the educational institute.
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FIGURE 2| (A) Variations in daily average meteorological parameters during COVID-19 lockdown and unlock phases and comparison with daily 5-year average for
the years 2015-2019. (B) Difference plot for meteorological parameters.

About 6 km to the north is situated the Scion Waste Water
treatment plant. The Keshopur Sewage Treatment Plant is also
in close vicinity.

Meteorological Parameters

The National Centres for Environmental Prediction (NCEP)
Final (NCEP FNL) operational global analysis data are
produced at 1° x 1° grid horizontally and 26 pressure levels
vertically every 6h using Global Data Assimilation System
(GDAS). The GDAS assimilates all the observations such
that the model produced gridded values are consistent with
observations. For all practical purposes the reanalysis data are
proxy for observations. The same data-set was also used to run
the FLEXPART model described later. Figure 2 shows the 24 h
average values of meteorology over New Delhi using NCEP
FNL reanalysis data (National Centers for Environmental
Prediction (NCEP)/National Weather Service/NOAA/U.S.
Department of Commerce, 2000). The red dots show the
daily 5 year (2015-2019) average of the value on a given day
along with standard deviation whereas blue dots show the daily
average of 2020. Five year mean values of temperatures steadily
rose from March to mid-May and then started decreasing. The
temperature in 2020 followed nearly the same trend as 5 year
mean but in about three instances that were around day
numbers 85, 110, and 150, a sudden decrease in temperature
for a few days was observed. Corresponding to each of these
three events, an increase in Relative Humidity (RH) and wind
speed was observed. Overall, RH follows an inverse pattern of
temperature variation and there is no systematic seasonal
variation in wind speed. The planetary boundary layer
height is low in March. It rises steadily in April and then
remains high till the middle of June. Subsequently, it decreases
but rather slowly.

Source of Data
Trace Gases and Particulate Matter

The Central Pollution Control Board (CPCB) monitors ambient
air quality across stations spanning the entire Indian region with
the help of the State Pollution Control Boards and other agencies
under the National Air Quality Monitoring Programme
(NAMP). Under NAMP, four air pollutants, viz. SO,, oxides
of nitrogen as NO,, suspended particulate matter, and respirable
suspended particulate matter, were identified for regular
monitoring®. Along with it, measurements of O; and CO are
also available for many stations. PM measurements include PM, 5
and PM,,. The suite of instruments constitutes a Continuous
Ambient Air Quality Monitoring (CAAQM) station. Currently,
monitoring is carried out over 233 CAAQM stations, mostly
representing urban and industrial locations. In most cases, the
monitoring data is available on an hourly basis. The data can be
downloaded from the CPCB portal’. A major objective of CBCB
for making these measurements is to present the Air Quality
Indices (AQD'. The AQI are used for resource allocation,
enforcement  of standards, to determine evolution
(improvement/degradation) of air quality, to raise public
awareness using simple infographics, and of course to help in
scientific research. For this study, CAAQM station data were
downloaded for 6 sites in Delhi as described in The Study
Locations. The parameters considered for this study are PM,,
PMZ.S’ NOZ, 03, CO, and 502

*http://cpcb.nic.in/air.php
*https://app.cpcbecr.com/cer/#/caaqm-dashboard/caaqm-landing/caaqm-
comparison-data
"*https://app.cpcbeer.com/ccr_docs/FINAL-REPORT_AQI_.pdf
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The ultraviolet photometric O; gas analyzers work on the
standard principle of absorption of radiation at 254.7 nm by
atmospheric Os. The lower detection limit of the instrument is
1 ppb with a response time of 30s or less. The CO instruments
are based on gas filter correlation technology and operate on the
principle of infrared absorption at 4.67 um vibration-rotation band of
CO (Nedelec et al.,, 2003). It has a lower detection limit of 100 ppbv at
a 60 s response time. The zero noise of the instrument is 20 ppbv
root-mean-square (RMS) at 30s averaging time. The NOy
instruments are based on the detection of chemiluminescence
produced by the oxidation of nitric oxide (NO) by O; molecules,
which peak at 630 nm radiation (Navas et al., 1997). The method is
specific to NO only. NO, is measured by converting it into NO using
a molybdenum convertor and then measuring total NO as NO.
Unfortunately, the reduction of NO, to NO is not specific for NO,,
and other nitrogen species are also reduced to NO and act as
interferences in the NO, measurements. The lower detection
limits of these instruments are approximately 1 ppb at a response
time of 120s or less. The SO, measurements are based on UV
fluorescence wherein SO, is excited using 214 nm and a band pass
filter centered approximately 350 nm is used to collect the
fluorescence (Mallik et al., 2016). The PM,, measurements are
based on the principle of B-ray attenuation. The particulate matter
in ambient air is sampled through the instrument at a flow rate of 16
liters per minute and collected on fiberglass filter tape. Comparison of
measurements of -ray radiation by scintillation/G.M. counter before
and after sampling gives a measure of the amount of PM;y. The PM, 5
measurements are similar to PM but the particle size cutoff is in the
range of 0-2.5 pm. The instrument specifications for obtaining these
measurements can be found in the CPCB website®.

We have used daily average data for 5 selected sites from
January, 2015 to July, 2020. However, there are data gaps for
various species e.g. data for Central Road Research Institute are
only available from the last quarter of 2017 (except availability of
intermittent data in 2015: Jan-Apr, Sep-Nov), while data from
Anand Vihar are missing during Jun-Oct 2017. Similarly data
from Punjabi Bagh are missing from Nov 2016 to Oct 2017, while
data from Shadipur is missing during Apr-Sep 2017. PM data of
NSIT-Dwarka is missing during Dec 2015-Sep 2017.

Satellite Data

Ozone Monitoring Instrument (OMI) is a spectrometer on board
NASA EOS Aura satellite in sun-synchronous orbit with local
equator crossing time 13:45 + 0:15h (Levelt et al., 2006). The
spectrometer has a field of view 13 km x 24 km near nadir and
24 km x 160 km at the edges of swath. It has three channels—two
in UV wavelength range and one in visible wavelength range with
subnanometer  spectral  resolution. = Columnar  NO,
concentrations are estimated using visible channel radiance
values in wavelength range 405-465 using the algorithm
described in Lamsal et al. (2020). The NO, spatial maps (0.25°
x 0.25°) are made using cloud screened L3 data (Version 3) from
OMI obtained through Giovanni iterfacell. For the rest of the

*http://cpcb.nic.in/air.php
""https://giovanni.gsfc.nasa.gov/giovanni/
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calculations and plots in this work, Version 4 OMI NO, standard
product (Krotkov et al, 2019) is used. The version 4 update
includes use of field of view specific geometry dependent
Lambertian surface reflectivity in NO, retrieval and more
accurate terrain pressure among several other improvements
and has uncertainty less than 30%.

Visible Infrared Imager-Radiometer Suite (VIIRS) is a
whiskbroom radiometer with 22 channels ranging from 0.41 to
12.01 um on board Suomi National Polar-orbiting Partnership
(NPP) satellite platform that was launched in October 2011.
The VIIRS sensor is designed to extend and improve upon its
predecessor namely MODIS and AVHRR. There are two different
algorithms to estimate aerosol optical depth (AOD) (Levy et al,
2015; Sawyer et al.,, 2020). In this work, AOD estimated using the
dark target algorithm is used (Levy et al., 2020)'%

FLEXPART Model

FLEXPART (FLEXible PARTicle dispersion model) is an open-
source Lagrangian particle dispersion model. The FLEXPART
model can be run in forward or backward mode using user-
supplied meteorological fields and allows for physical processes
such as dry deposition, wet deposition, diffusion, convective
transport, etc. to estimate dispersion or source-receptor
relationships (Seibert and Frank, 2004; Pisso et al., 2019). The
latest version 10.4 was run in backward mode to calculate source-
receptor relationship for Delhi for each day starting from 15
January to 31 July in the current work. The source-receptor
relationship is the sensitivity to the emissions located at a given
grid-box for the receptor location. It represents the normalized
total time spent by the back-trajectories in a given grid-box. We
used 50000 trajectories spread over 24h to estimate source
receptor relationship for each day. A few source-receptor
relationships for the grid-boxes close to the earth’s surface are
shown in Figure 7.

Emission Sources and Lifetimes of Species
Emission Sources of Various Species

The National Capital Region (NCR) covering Delhi and adjoining
regions is changing with time and so are the emissions of various
species. The major factors are increasing population, vehicular
activities, industries, demand for power, domestic emissions, etc.
There were various attempts to estimate the emissions from these
sources. Guttikunda and Calori (2013) made emission inventory
for particulate matter and various trace species at a resolution of
l1km x 1km (Table 3). The major pollution sources are
transportation, power generation, and construction activities.
Sindhwani et al. (2015) developed emission inventory for the
criteria pollutants such as PM;y, NOx, SO,, and CO at 2 km x
2 km resolution for the NCR for 2010. Major emission sources of
the region include vehicular exhaust, road-dust, domestic,
industrial, power plants, brick kiln etc. Sahu et al. (2015)
developed a high-resolution emission inventory for two major
atmospheric pollutants, NO; and CO. The inventory was
developed with a grid resolution of 1.67 km x 1.67 km for the

https://ladsweb.modaps.eosdis.nasa.gov/
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TABLE 3 | Sector-wise source contributions (%) to particulate matter and various trace gases.

Source PM_5 PM,o NO, co SO, VOCs
GC GC Setal GC Setal SB GC Setal SB GC Setal GC
Transport 17 13 19 53 47 63 18 46 60 2 14 51
Power plant 16 15 13 7 7 3 31 - - 55 67 13
Industries 14 11 10 ihl 13 31 15 16 2 23 9 5
Domestic 12 8 7 1 1 3 14 15 38 6 2 7
Brick Kiln 15 ih 1 2 2 - 12 12 - 1 4 9
Construction 5 9 1 - - - - - - -
Waste burning 8 7 6 1 2 - 2 3 - 2 1
Diesel Gen sets 6 4 5 25 27 - 7 8 4 2 14
Road dust 6 22 20 - - - - - - - -
Total kTons/yr 63.0 114.0 107.6 376.0 342.3 255.4 1,425.0 1,290.1 703.2 37.0 83.2 261.0

NCR using Geographical Information System (GIS) technique for ~ meteorological conditions and the removal by OH-induced
base year 2010. The emission estimates from these inventories are ~ gas-phase conversion into gaseous sulphuric acid (Inomata
presented in Table 3. et al., 2006; Lee et al., 2008).

Lifetimes of Species

The chemical lifetime for a species, which has photochemical loss, RESULTS AND DISCUSSIONS

is defined as the inverse of its total loss rate (Seinfeld and Pandis,

2006). More reactive species will have shorter lifetimes. Particlesdo ~ Satellite Observations

not have fast chemical loss like gases but they settle down to various ~ Figure 3 shows a pictorial representation of COVID-19 effect on
surfaces. Coarse (bigger) particles (such as PM;, and bigger) have  anthropogenic air pollution represented by tropospheric column
shorter lifetime, while the finer (smaller) ones (PM, 5) have longer NO, (Tropo col NO,) changes during COVID-19 months (2020)
lifetime (Textor et al., 2006; Croft et al., 2014; Kristiansen et al,  over the Indian region w.r.t. similar period in the previous year
2016). Many species such as SO, and Oj; also have significant loss ~ (2019). Most of the boundary layer NO, can be specifically
due to dry deposition. Furthermore, loss rates are higher leadingto  attributed to its anthropogenic sources, which were the most
shorter lifetimes in a polluted atmosphere compared to cleaner  impacted as a result of lockdown. The effect is clearly visible in
regions. Also, chemical lifetimes are shorter in summer than in ~ much reduced tropospheric column NO, concentrations during
winter for species having photochemical losses. Williams et al. ~ COVID-19 months.

(2012) have estimated aerosol lifetime as a function of particle size Figure 4 shows monthly average columnar concentration of
and as a function of altitude using data gathered during Indian  tropospheric col NO, over a latitude longitude range of
Ocean Experiment. They found a lifetime of approximately = 28.465°N-28.715°N and 77.065°E-77.315°E that covers the
1.5days for aerosols in the boundary layer for particle sizes =~ NCR around New Delhi. The vertical bars are +1 sigma
between 0.08 and 0.1 um. Larger size particles known as super  standard deviations. A clear decrease of tropospheric column

micron size particles (1.1-10 um) have shorter residence time. NO, amount can be seen in the months of April (-45%), May
Grythe et al. (2017) found a lifetime of particles greater than 1 um (—42%), and June (-26%). March 2020 does not show a clear
radius to be less than a day. decrease because the lockdown was implemented only in the last

O; has a short lifetime, typically hours, in polluted urban week of March (Table 1). The decrease in NO, ceases to be
regions where concentrations of its precursors are high  significant in July (-6%) as lockdown measures were restricted to
(Stevenson et al., 2006; Conley et al., 2012; Young et al., 2013;  few containment zones (Table 1).

Monks et al,, 2015). Based on the estimated values of hydroxyl Figure 5 shows monthly average of aerosol optical depth
radical (OH) over the northern Indian Ocean, which were several (AOD) over New Delhi. Despite a large year to year and
times higher than the global average OH concentration of  monthly variability, a significant decrease in AOD is observed.
approximately 1 x 10° molecules cm™, Lawrence and  Usually an increase in AOD values is observed over Delhi from
Lelieveld (2010) found lifetime of CO of only ~15 days near March to June (Pandithurai et al., 2008) but in 2020, AOD values
the surface, and a NOy lifetime of less than a day. were low during the lockdown period starting from April to June

The atmospheric lifetime of NO, depends on various  compared to the same month in previous years. We believe this
processes occurring in the atmosphere including the photolysis ~ was because of reduced anthropogenic emissions during the
of NO, and the hydroxyl-mediated oxidation of NO,; thus, its ~ lockdown. A major source of aerosols in Delhi during summer
lifetime depends on the concentration of other constituents (Levy ~ has been found to be fugitive dust particles from roads, and the
et al., 1999; Shah et al., 2020). Liu et al. (2016) estimated the NO, construction sector accentuated by windblown dust. A receptor-
lifetime using OMI satellite data and ECMWF wind fields over ~ based modeling approach by ARAI and TERI estimated influence
polluted cities and power plants in polluted background and have of nearly 42% to PM;, and 34% to PM, s from this sector for the
found it to be 3.8 + 1.0 h. The lifetime of SO, is approximately =~ summer months (ARAT and TERI, 2018). The road transport and
1.8 days within the boundary layer depending upon the  the construction works were severely limited during the
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FIGURE 3 | Satelite observations of tropospheric column NO, over the Indian region during the months corresponding to COVID-19 lockdown and unlock phases
(March, April, May, June, July) during 2020 (B) and comparison to 2019 (A). (C) shows the monthly difference between 2020 and 2019.
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FIGURE 4 | OMI retrievals of tropospheric NO, column over Delhi during
months corresponding to COVID-19 lockdown and unlock phases during
2020 and comparison with previous years.

lockdown period, due to both Government mandate and exodus
of migrant workers from Delhi. As a result, the natural increase in
AOD was balanced by a decrease from the anthropogenic sector,
cumulating into a scenario where AOD remained peculiarly flat
during the summer months with lower values during 2020 year
compared to previous years (2015-2019) and a decrease in
monthly values until June is observed. A recent study revealed

that AOD decrease over India during lockdown was of the order
of 45%, while the AOD anomaly over Delhi NCR was —24.6%
during the 2nd half of April and —44.2% during the first half of
May (Ranjan et al, 2020). Furthermore, we observe an
enhancement of AOD during March (10.4%) but reductions of
25.3 and 22.5% in April and May respectively when calculating
the anomaly against 2015-2019. In June, the AOD values were
only 7% lower than the 5 year mean and in July, the AOD values
for 2020 were 2.4% higher than 5year mean. The difference
between our estimates and Ranjan et al.’s (2020) estimates is
because of the fact that Ranjan et al. have used average from 2000
to 2019 whereas we have used average of 2015-2019 for the
comparison (Figure 5B). Another reason could be the resolution
of the data used; we have used 0.5 x 0.5 degree area while Ranjan
et al. have used very high spatial resolution (1 km) data.

Ground-Based Observations

The above explanations for AOD and NO, represent an
integrated atmospheric change as a result of COVID-19
lockdown. However, most of the emission changes occur close
to the surface. Therefore, we present a detailed analysis of surface
observations.

To understand the changes in atmospheric concentrations of
trace gases and particulate matter as a result of changed emission
scenarios, the daily variation of these parameters during
March-July, 2020 is compared with the average of 2015-2019
of the same period and for the same parameters. An example plot
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FIGURE 5 | (A) VIIRS observations of AOD over Delhi during months corresponding to COVID-19 lockdown and unlock phases during 2020 and comparison with
the average of 2015-2019. (B) Percentage changes in AOD; the points show monthly % changes from the present study while the lines show data from Ranjan et al.
(2020), with x-span of the line representing the period for which the change is calculated.

for Anand Vihar is shown in Figure 6. It is observed that the two
datasets start to diverge around day of year (DOY) -85,
representing 25 March, the day of initiation of nationwide
lockdown (Table 1). The divergence around this period is
maximum for NO, followed by PM,;, and PM,s. The
divergence is also significant in O;. This indicates that the
sources impacted by lockdown play a crucial role in the
budgets of NO, and PM (2.5 and 10). The patterns for PM
and NO, are more or less similar for different stations but this
does not hold so for Os. This is on expected lines as the major
sources of PM e.g., transport sector and road dust account for
30-40% of PM; over Delhi. Similarly, transport sector makes a
major contribution in the anthropogenic NO, sources. As a
result, the departure in NO, is drastic both in satellite-based
columnar data and at surface level (Figures 4, 6). However, not
much change is observed for CO, as major sources of CO are
related to combustion i.e., biofuels and biomass burning which
were not directly affected by lockdown processes. However, O;
presents a different picture as its concentration is a complex
interplay of atmospheric transport processes, changes in primary
emissions, meteorology and photochemistry in addition to
chemical and depositional losses. These changes in surface
level pollutants are further discussed below.

Aerosols

High amounts of atmospheric aerosols negatively affect health
and air quality, and hence constitute criteria pollutant for the
measure of air quality. Indian cities in general suffer from poor air
quality mostly due to aerosols (SOGA, 2020). India’s capital city,
Delhi, is particularly badly affected by air pollution. In a
particularly grave event, PM,s concentrations (peak 24h
average 650 ugm™) exceeded the Indian air quality standards
by 11 times and the World Health Organisation (WHO)
guidelines by 25 times in early November 2017. Beig et al.
(2019) studied this event and found that combined effect of a
dust storm in the middle-east, agricultural waste burning in

upwind states, and stagnation of local air pollution led to this
event. The mortality rate due to pollution in Delhi is estimated to
be very high and the city is projected to be among the top 5 cities
in the world to have high fatality rates (Apte et al., 2015; Lelieveld
et al., 2015). Air pollution caused between 10000 and 30000
premature deaths in Delhi in 2015 (Bithal, 2018). While air
pollution is particularly bad in winter over Delhi, the PM,
levels are often higher than the WHO limit of 25 ugm™ and
the Indian Air Quality Standard of 60 g m ™ for most part of year
except during the rainy months of July and August (Bali et al.,
2019; Hama et al., 2020). Main sources of PM, 5 particles are
anthropogenic emissions except when there is a dust storm like
event. In a past study, chemical make-up of PM;, aerosol over
Delhi was found to be 20% organic, 6% combustion, 31%
secondary inorganic, and 43% soil particles during the spring
season. While for the most part of India, the residential sector is a
major emitter of PM, 5 particles, over Delhi it is the transport
sector with nearly 64% contribution (Conibear et al., 2018;
Reddington et al., 2019). Beig et al. (2019) attributed 65% of
observed PM, 5 concentration to dust and smoke transport from
upwind regions for a high pollution event during November 2017.
However, this fractionation may not be applicable for all seasons
and local emissions may have far more dominating influence on
the total concentration. This is because overall wind direction and
boundary layer characteristics are different in summer and winter
as one can see from the FLEXPART output (Figure 7), as well as
the meteorological plots shown in Figure 2. While winter time air
pollution over Delhi is studied more frequently because of very
high aerosol concentration making them visible and perceptible
as a health threat in public mind, concentrations in summer, even
though lower than the winter months, are still high enough to
pose serious health hazards when exposed for a long time but they
are less frequently studied. A campaign-based study during
January-March, 2018 over multiple sites in Delhi region using
three aerosol mass spectrometers (AMS) for non-refractory
fraction, two aethalometers, and one single particle soot

Frontiers in Environmental Science | www.frontiersin.org

37

October 2021 | Volume 9 | Article 743894


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Lockdown Impact on Delhi Pollution

Mallik et al.

Anand Vihar

»
2 - =
© 5 .
o - 0
N S o
0o N o I
©Q I I
I<E=] 28 28
NN <N L &
oo 0 © N
= < i o o 9o
== g< zZ =z
oo o

[ ]
%o +o AT

1

L I
r
T T
o o
o S
) «

(;w/67) 0LINd

—O— Ozone Avg 2015-19

140

® Ozone 2020

o
N
-
(g

o o
©

100
8

wyB1) suozp

80 100 120 140 160 180 200
Day of Year

60

FIGURE 6 | Particulate matter and trace gases variations over a representative study location (Anand Vihar), Delhi during months corresponding to COVID-19

lockdown and unlock phases during 2020 and comparison with the average variation during 2015-2019.

oxygenated organic aerosol (OOA) fraction indicated influence of

photometer concluded that local pollution was dominating over

regional transport, which was attributed to the north-west

regional pollution during this period (Lalchandani et al., 2021).

chemical

A detailed

study  sites.

the

of
characterization of PM,s over Delhi for heavy and trace

elements using the Energy Dispersive X-ray Fluorescence
technique during post-monsoon of 2019 concluded large

direction

This was based on the observation of similar chemical
composition both within Delhi-NCR and downwind region
with mean PM, s reaching 153.8 + 109.4 ugm™ with major

contribution from organics (43-47%) followed by chloride

influence from agriculture-residue burning emissions in north-

sulfate (8-13%), nitrate

(9-11%), and (5-16%) black carbon. However, significant

ammonium (9-13%),

(11-17%),

west Indo-Gangetic Plains (IGP) (Bangar et al., 2021). In contrast

to winter pattern, during warm season, Jain et al. (2020) observed

fraction of highly oxidized, low volatile organic aerosols to the
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higher amount of secondary sulphate over secondary nitrate
indicating higher contribution from point sources. A higher
contribution of secondary organic carbon during pre-monsoon
compared to post-monsoon was found over Delhi during a study
employing stable carbon isotope analysis (Singh et al., 2021). The
study confirmed the dominance of C3 plant-derived aerosols over
Delhi, which could be sourced from agriculture residue burning
transported from outside the city. Air mass trajectory cluster
analysis using HYSPLIT over Delhi during January 2013-June
2014 indicates that the air mass approaches from 4 sides [north-
western IGP, Pakistan (10%); north-western IGP, north-west
Asia (45%); eastern IGP (38%); Pakistan and Arabian Sea
(6%)] (Sharma et al., 2016). The authors concluded that PM,,
over Delhi is dominated by soil dust (22.7%) followed by
secondary aerosols (20.5%), vehicle emissions (17.0%), fossil
fuel burning (15.5%), biomass burning (12.2%), industrial
emissions (7.3%), and sea salts (4.8%). The lockdown provided
a unique opportunity to study causes of air pollution and evaluate
sectoral contributions during the summer months.

Figure 7 shows the source-receptor matrix calculated using
FLEXPART for select days when PM, 5 concentrations were
observed high or low. The air masses were from the north-

west direction during initial phases of lockdown (March), but
during later phases after the onset of monsoon over Delhi in
June, the air masses became easterly over Delhi, bringing in
pollutants from the eastern IGP. Interestingly, in Figure 7,
higher peaks in PM,s; coincide with north-westerly air-
masses sourced to industrial regions in Haryana and Punjab
of India all the way back to Lahore in Pakistan and further back
to the north-west. Lalchandani et al. (2021) have shown through
high-precision AMS measurements that air mass transport from
north-west air over different sites in Delhi is associated with
conspicuous amount of highly volatile and semi-volatile OOA.
Higher levels of tropospheric NO, column values can be seen in
the month of May (Figure 3) toward the north-west of Delhi
and up to Pakistan in the IGP which suggests heavy pollution
due to industrialization in this area. The high patch of NO,
column gets diluted in June as the influence of monsoon winds
starts. Lower values of PM, s are related to the atmospheric
transport either circulating around NCR or coming from the
eastern part of IGP, where NO, columns already evince
relatively lower values. Hence, major changes in PM, s are
likely associated with the transport from the corresponding
NO; column regions.
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FIGURE 8| (A) PM; 5 variation observed at US Embassy New Delhi during the COVID period from 1 March to 31 July (red curve). It is compared with 5 year period
(2015-2019) (blue line). (B) Similar to PM, 5 but for NO, observed at Shadipur, a location near the US Embassy site.

The PM;, concentration, which is found to be in the range of
80-270 uygm > in IGP in the previous years, was reduced to
~70 uygm™> during the lockdown. Daily average variations of
PM, 5 and surface level NO, over two nearby study sites in Delhi
during the lockdown period are shown in Figures 8A,B against
the daily 5 year average of 2015-2019. As mentioned earlier, there
is large variability in the 5 year average as well as during the 2020
due to transport of pollutants from the surrounding regions.
While there is a general decreasing pattern from May to August
because of the change in wind direction, a significant decrease in
PM, 5 is seen for the lock-down period despite that. Since lifetime
of PM, 5 is only 1-2 days (Table 4), sharp decrease in the levels of
PM, 5 was observed from the inception of the lockdown on 25th
March (day #85) till at least May end (day #152). The rapid
decrease also suggests that anthropogenic emissions are the
significant sources of PM,s particles over Delhi. Of course,
there are two events of high PM, s, the first from day #90 to
day #105 and the second peak around day #140. Similar changes
are observed even in NO, at a nearby location for example at
Shadipur as shown in Figure 8B. This shows that these major
changes are not local but in a large area covering the NCR and are
due to transport from different regions as discussed above using
the FLEXPART trajectories. The region in north-west of Delhi
seems to contain very large sources of particulate pollution, as
whenever the source region is north-west of Delhi, PM, 5
concentrations are high. Aethelometer black carbon
measurements over Delhi showed increased local contributions

TABLE 4 | Lifetimes of particulate matter (PM) and various gaseous species.

Species Lifetime References

PMjo Minutes to days Seinfeld and Pandis (2006)
Grythe et al. (2017)

PMs 5 1-2 days Williams et al. (2012)

NO, ~1 day to ~ few hrs Lawrence and Lelieveld (2010)
Liu et al. (2016)

Ozone Hours Monks et al. (2015)

CO 15 days Lawrence and Lelieveld (2010)

SO, ~1.8 days Lee et al. (2008)

(fossil fuel fraction) with the progress from lockdown to unlock
phase, but the fossil fuel contribution specifically dipped during
4-17 May due to intensive crop residue burning in neighboring
states (Goel et al., 2021). Gadhavi et al. (2015) who analyzed black
carbon concentration over a rural location in South India, also
found high concentrations of black carbon particles for the days
when the source region extended to north-west of Delhi
compared to other days. While looking at the PM,;s
concentration maps available in the literature (Bali et al., 2019;
Reddington et al., 2019), one can see whole of IGP region filled
with high amount of particles. The temporal variation of PM
concentration when looked in connotation with FLEXPART
trajectories, east of Delhi region seems to contribute much
smaller amount of air pollution compared to when wind is
blowing from west.
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FIGURE 9 | Percentage change in monthly mean concentrations at various locations with respect to the average of 2015-2019 for (A) PM+, (B) PM, 5, (C) CO, (D)
SOy, (E) NOy, (F) Os.

Figures 9A,B show monthly average percentage changes in
2020 with respect to the 5year average of 2015-2019,
[(X2020-X2015-2019)/X2015-2010] X 100, in PM;, and PM;5
respectively. Unfortunately, PM;, data are available only for
the 3 stations from the selected locations for this work
(Figure 9A). Anand Vihar shows the largest decrease in PM;,
as compared with the other two locations, while the other two
locations show almost similar changes. Highest decrease of about
73% is observed in April, which was the month of very strict
lockdown with almost all transport and industries closed. As the
lockdown starts easing during each month, levels of PM;,
continue to increase. However, even in July the decrease is
significant, smallest approximately 33% for Central Road
Research Institute. This could be due to continuation of
lockdown for certain activities such as educational institutes,
metro services, cinema halls, restricted attendance at offices,
limited domestic air travel etc., as listed in Table 1. The major
sources of PM;, are transport, industries, brick kiln, and dust
from roads and construction activities (Table 4). All these
remained closed during the lockdown and slowly and
progressively allowed to return to normal. Since the lifetime of
PM, is very short, only a few hours (Table 3), it shows almost an
instant effect of the changes. The ratio of decreases between
Punjabi Bagh and Central Road Research Institute during
different months shows an average value of 1.1, which
indicates a uniform impact of lockdown on PM;, from north-
west to south-east of urban Delhi (Figure 1). If these ratios are
computed with respect to Anand Vihar to the other sites, the
value is much higher, revealing that the magnitude of lockdown
effect has been larger over this site with respect to PM;o. As

mentioned in The Study Locations, Anand Vihar is located to the
East of River Yamuna, comparatively more congested and
impacted by mixed emissions from industries and transport
sector. Furthermore, the magnitude of decreases evinces an
overwhelming anthropogenic control of PM,, over Delhi.
Changes in the monthly average levels of PM, 5 are shown for
all the five locations selected for this work (Figure 9B) and
additionally include the EPA data for the US Embassy in Delhi. In
general and as for PM;, and also for other species, maximum
decrease is observed in April. There is large variability from
location to location. Shadipur shows the highest decrease of
approximately 83% with respect to the 5 year average followed
by Anand Vihar (approximately 61%) and other locations. Again,
even in July the levels of PM, 5 have not become normal, with the
smallest decrease approximately 18% for the US Embassy. The
emission sources of PM, 5 are almost similar to that of PM,, but
there is a significant contribution of secondary aerosols to PM, s.
Some studies show almost 50% contribution from secondary
aerosols to PM, s mass of which nearly 30% is from secondary
organic aerosol (Perrino et al., 2011; Rastogi et al., 2014). The
formation of secondary aerosols is initiated by various gaseous
pollutants such as NOy, SO, as well as hydrocarbon oxidation.
Hence, changes in these precursors also get reflected in the levels
of PM, 5. Another source apportionment study estimated daily
PM, 5 emissions over Delhi to be 58.7 ton/day, contributed by
road dust (38%), vehicles (20%), domestic fuel burning (12%),
industrial point sources (11%), concrete batching plant (6%),
hotels/restaurants (3%), and municipal solid waste (MSW)
burning (3%) (Nagar et al, 2017). Furthermore, the
contribution from coal/fly-ash to PM, 5 increased from 4.8%

Frontiers in Environmental Science | www.frontiersin.org

]

October 2021 | Volume 9 | Article 743894


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Mallik et al.

in winter to 26% in summer, while the contribution from
secondary inorganic aerosol decreased from 30% in winter to
15% in summer (Nagar et al., 2017). While PM;, decrease was
highest for the Anand Vihar site (east Delhi), the PM, 5 decrease
was highest over Central Delhi for Shadipur. The ratios of
Shadipur to Anand Vihar are 1.6, 1.4, 1.5, 1.7, and 1.6,
respectively, for March-July months, with an average of 1.5.
This near constant ratio evinces a 50% higher impact to PM, 5 in
Central Delhi compared to Eastern Delhi due to lockdown.
Possibly, the chances of SOA formation locally can be
accentuated by local emissions of precursor gases such as SO,,
NO,; and hydrocarbons at Shadipur from industry, transport, and
tourism sectors, as new construction activities as well as road dust
are very limited over this region. Chemical characterization
studies during summer over Delhi have found a higher
contribution of SO,%, NO5~, and NH," to PM, 5 compared to
PM;o (ARAI and TERI, 2018). Source apportionment studies
point to potential chloride sources northwest of the Indian
Institute of Technology (IIT) Delhi, such as industries of salt
and metal processing and thermal power plants to fine PM
(Jaiprakash et al., 2017).

Carbon Monoxide and Sulfur Dioxide

Both these species are considered primary pollutants. SO,
contributes to respiratory symptoms. High levels of CO can
reduce the amount of oxygen that can be transported in the
bloodstream to critical organs such as the heart and the brain
resulting in dizziness, confusion, unconsciousness, and even
death. Both these species are not very reactive. SO, is formed
during the burning of sulphur containing fuels, such as coal and
oil, while CO is formed during the incomplete combustions e.g.,
fuels such as petrol, coal, or wood. In an urban environment,
major sources of CO are transport, domestic cooking, brick kiln,
industries, and power plants; while those of SO, are coal burning
in power plants and industries, transport sector, and diesel-
generating sets (Table 3). Lifetime of CO is approximately
15days in a polluted region, while the main sink of SO, is
deposition and has a lifetime of approximately 2 days
(Table 4). Data for these two species are available for all the
considered locations except for Central Road Research Institute,
where SO, is not available. However, there seem to be large
variations.

Figure 9C shows the observed monthly CO changes during
2020 with respect to the 5 year average of 2015-2019. CO shows
large decrease in March for Punjabi Bagh, Shadipur, Central Road
Research Institute, and NSIT-Dwarka. However, the change is
negligible over Anand Vihar in East Delhi. While the decrease
continues over Punjabi Bagh and Central Road Research Institute
in April, over NSIT-Dwarka there is a negligible increase. The
May values show a decrease in Punjabi Bagh, Shadipur, and
Central Road Research Institute, while an increase is observed
over Anand Vihar and NSIT-Dwarka. The maximum decrease in
CO is observed for Central Road Research Institute
(approximately 57, 71, 63% in March, April, and May)
followed by Punjabi Bagh. Although biogenic emissions
constitute a major source of CO, large changes in CO similar
to other anthropogenic markers e.g., SO, indicate overwhelming

Lockdown Impact on Delhi Pollution

anthropogenic components in Delhi. In a comprehensive study of
air quality in 15 major cities of India using remotely sensed data,
surface concentration measurements of CPCB, and Air Quality
Zonal Modelling, more than 40% decrease was observed for CO
in north Indian cities but for Delhi, an increase of 36% was
observed (Rahaman et al,, 2021). The study used data covering
43 days before and after lockdown; however, MEERA-2
observations by the same study showed a negligible decrease
of 2.52%. The data for Rahaman et al. (2021) are taken from the
ITO site at Delhi, which is approximately 7 km from Anand
Vihar site, which shows a negligible decrease in CO unlike other
sites in our study. On an average, CO decreases by over 50%
during March-May, but there is large variability between
individual sites e.g., negligible decrease in Anand Vihar to
over 90% decrease in NSIT-Dwarka. Based on the data from
the 134 observation sites of CPCB, Singh et al. (2020) concluded a
decrease of CO over most parts of India. However, for the north-
west region, the interquartile range for CO varied from +10% to
—40% (Singh et al., 2020).

Large changes in SO, are observed in the lockdown months
of March-May in the order of 35-50% in line with NO, and PM
(Figure 9D). As the major sources of SO, are large point sources
such as power plants, under influence of a given air mass, they
are likely to have a similar impact over a larger region. This is
evinced by very close values of percent changes during the
lockdown months. However, unlike other sites, NSIT-Dwarka
did not show a decrease in SO, during March 2020 (Figure 9D).
A closer look at the site data revealed that the overall SO, levels
had been higher in the first quarter of 2020 compared to similar
periods in other years. This can be attributed to increasing
construction activities in this western edge of urban Delhi
including sewage treatment plants. Painting activities at
construction sites are also a source of SO,. A good marker of
SO, source types is the SO, to NO, ratios. Renuka et al. (2020)
have used it to show seasonal variation of sources at a rural site
in South India. High SO, to NO, ratio indicates predominant
impact of point sources such as power plants, while lower values
indicate vehicular emissions that are rich in NOy compared to
SO, (Mallik et al., 2015). An increase in this ratio during the
initial lockdown phases indicates that the impact of vehicular
emissions decreased (reduced denominator in the form of NO,)
in comparison with point sources. The increase is particularly
very clear over Anand Vihar (figure not shown). The impact of
air mass change is also very evident in these ratios e.g., the values
were higher over NSIT-Dwarka before onset of pre-monsoon
winds indicating larger influence of point sources, while there is
a sudden decrease in this ratio since mid of March. After this, as
an effect of lockdown, the ratio starts to increase like other sites.
Rahaman et al. (2021) have observed approximately 25%
decrease in SO, based on ITO CPCB data while an increase
of 23% was observed in a nearby site (Ghaziabad, 30 km east of
ITO). Satellite observations over Delhi also showed
approximately 40% decrease in the Rahman et al. study. In
Singh et al. (2020) study, the variation of SO, is similar to CO
with interquartile range for north-west India between +8% and
—38%. Various estimates for SO, are calculated for Delhi e.g., 9%
decrease (Chhikara and Kumar, 2020), 19% decrease (Kumari
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and Toshniwal, 2020), 23% decrease (Singh et al., 2020), the
differences may be attributed to the different periods of
estimations, but overall all studies show a decrease.

NO,

Oxides of nitrogen such as NO and NO,, together called NO,, are
important pollutants emitted from combustion at high
temperature. While emissions of NO, are mostly in the form
of NO, it is later converted into NO, by the reaction of NO with
03, HO,, RO,, and other oxidants. During daytime conditions of
sufficient O; and radiation, NO and NO, are in a fast
photochemical equilibrium, or “photo-stationary state.” The
photolysis of NO, during the day is a direct source of
tropospheric O;. The NO, concentration determines both the
HOy and O; cycles. At very high concentrations, NO, can be
titrated by OH, eventually leading to HNO; formation. At very
low concentrations, HO, loss through self-reactions and cross
reactions with RO, lead to net HO, loss. But as NO, increases, the
HO,-NO reaction becomes competitive and HO, is recycled into
OH increasing the chain length. Despite a short lifetime, NOy can
also be transported from one place to another either in its original
gaseous state or in the form of nitrates, PAN etc., and nighttime
chemistry becomes important (Levy et al.,, 1999). In high NOy
regimes like urban regions, including Delhi, the production of O
is generally limited by volatile organic compounds (VOCs). Both
NO and NO, are measured at several locations in Delhi but we
discuss results of NO,, here as it is observed at all the locations
selected and column NO, is also measured by satellites. The
change in the monthly average levels of NO, during 2020
compared to the average of 2015-2019 is shown in Figure 9E.
While average surface NO, levels decreased by only 43% for the
study sites over Delhi, the average decrease was 57, 50, 40, and
26%, respectively, for April, May, June, and July. On a different
perspective, tropospheric NO, decreased by 57, 53, 32, and —6%
for April, May, June, and July ie., for the same months. The
numbers are self-explanatory as April was a complete lockdown
and May was a partial lockdown, while in March (average
decrease of 14% only), lockdown was implemented in the last
week only. The April NO, levels came down from 30 pg m™3 in
the previous years (2015-2019 average) to approximately
11ugm™ in the lockdown. Because the major influence on
NO, concentrations is from anthropogenic emissions, the
impact of lockdown is nicely traced in surface NO,
measurements. The lowest levels of NO, among the study sites
are observed for NSIT-Dwarka, while the highest levels are
observed for Anand Vihar in the east of Delhi. This is because
NSIT-Dwarka is a more planned area with open spaces and
airport, while Anand Vihar is congested with multiple emission
sources. Furthermore, it is to be noted that Anand Vihar has a
major inter-state bus terminal and the bus service as well as local
travel is still not to full scale. Punjabi Bagh and Shadipur show
almost similar patterns from 2015 to 2020, including the sudden
decrease during the lockdown. The maximum change by
approximately 76% is observed in April at Anand Vihar. As
the lockdown is relaxed gradually, the 2020 levels start coming
toward the normal. The decrease at Anand Vihar became
approximately 38% in July. Levels of NO, at other locations

Lockdown Impact on Delhi Pollution

also have not come to normal levels. An early study of lockdown
effect on NO, for different states of India using Aura/OMI data
revealed that among the other states of India, the maximum
decrease was observed over Delhi (62% over 2019 values and 54%
over 2015-2019 average values) with higher decrease in phase I
(25 March-14 April, 2020) compared to phase 2 (15 April-3 May,
2020) (Pathakoti et al., 2020). Similar decreases over Delhi were
concluded by various studies: 63.9% (Bedi et al., 2020), 42.27%
(Chhikara and Kumar, 2020), 60% (Kumari and Toshniwal,
2020), 56% (Singh et al, 2020); the differences being the
varied periods for averaging as well as varying reference
periods. Even in our study, in contrast to SO,, the variability
of NO, among different stations exhibited an overall decrease
from March to April to May to June. This indicates that as
lockdown measures strengthened from March to April, people
settled in their homes leading to minimum vehicular and
industrial emissions, decrease in both NO, levels as well as the
variability between different sites in Delhi was evident. The
homogeneity between sites strengthened until May as people
settled into similar patterns of life with similar patterns of
emissions. This continued even in June when values started to
increase with relaxations in activities, but the pattern remained
similar leading to lower variability in terms of decrease in
different sites in Delhi (Figure 9E; Table 1).

O3

The daytime chemical production and loss of surface O; in the
troposphere is controlled by competing reactions involving many
of its precursors such as NO,, NO, CO and hydrocarbons in the
presence of sunlight (Seinfeld and Pandis, 2006). It is produced by
the reaction of atomic oxygen with molecular oxygen as in the
stratosphere. However, this atomic oxygen does not come from
the dissociation of molecular oxygen as in the stratosphere but
from the dissociation of NO, as shown in the following simple
reactions scheme.

CH, + OH— CH; + H,0 (R1)

CH; + O, — CH;0, (R2)

CH;0, + NO —» CH;0 + NO, (R3)
NO, + hv(\ < 424nm) — NO + O(’P) (R4)
OCP)+0,— O;+M (R5)

OH is produced from the reaction of water with O('D), which in
turn is produced from the photolysis of O; at wavelengths
<320 nm.

Os;+hv— O('D) + O, (R6)
HO + O; —» HO, + O, (R7)
HO, + O; — OH + 20, (R8)
NO +0O; —» NO, + O, (R9)

In the absence of competing reactions, the net effect of reactions
R4, R5, and R9 is zero. The reaction of OH initiates the
breakdown of CO and VOCs, resulting in the formation of
RO, (e.g, R1). The simplest is HO,, formed from the
oxidation of CO to CO,. While radical-radical self and cross
reactions are dominant at low NO, with increasing NO,, NO
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gradually outcompetes the peroxide-forming reactions, leading to
rapid recycling between OH and HO,. At very high
concentrations, there is net loss in the form of HNO3, while at
very low concentrations of NO,, there is HO, loss in the form of
peroxides. Depending on VOC to NO, ratio, the oxidation
capacity increases at intermediate NOy levels. Mertens et al.
(2021) employed a combination of regional chemistry climate
model (CCM-COSMO) and global chemistry climate model
(CCM_EMAC) with a general circulation base model
(ECHAMS5) to make a sector-wise attribution of Oz changes
resulting out of emission reductions during the lockdown over
Europe. Interestingly, the authors found that despite reduced O;
production due to reduced anthropogenic emissions, the O;
production efficiency (OPE) ie, net O; production per
molecule of NOx increased. It was also observed that the ratio
of H,0, (HO, sink) to HNO; (OH sink) production rates
exhibited an enhancement during the lockdown period
indicating a shift from NOx-saturated to NOx-limited regime.
Despite increased OPE, there was a net Oj; reduction as
anthropogenic emission reduction overcompensated the
enhanced OPE and natural emissions. Furthermore, as O; has
a fairly long lifetime, the impact of atmospheric transport can
compensate for immediate chemical changes in a region. In
another study, sensitivity of global tropospheric O3 burden to
anthropogenic NOx reductions (COVID-2020 emission anomaly
over 2010-2019) was studied employing the state-of-the-art
multi-constituent satellite data assimilation system, which was
used to ingest multiple satellite observations to simultaneously
optimize concentrations and emissions of trace species and
simulating their chemical interaction (Miyazaki et al.,, 2021).
Strong O; response to NOx reductions in highly polluted
areas attributed to NOx titrations and enhanced oxidation
capacity led to local O; enhancements. The role of
atmospheric transport was revealed in Miyazaki et al. study
such that O; reductions in Central Eastern Eurasia were
attributed to emission reductions over North America. In this
study, global reductions were also estimated for peroxyacetyl
nitrate (NOx reservoir) and OH. Using generalized additive
models fed by reanalysis meteorological data, Ordonez et al.
(2020) showed that while NO, concentration variations in
Europe were attributed to reduced emissions, O3 concentration
changes were mostly explained by meteorology. Over Delhi, O;
reduction upto 13% was observed by Datta et al. (2021); the
authors use statistical analysis to show that O; concentration
variations were not explained by lockdown effects unlike PM
variations, which were largely contributed by lockdown-induced
emission changes.

Community Multi-Scale Air Quality (CMAQ) model
estimations revealed that during lockdown, there was a 15%
decrease in maximum daily 8h average (MDAS8) O; (Zhang
et al, 2021). However, in some VOC-limited urban regions,
O3 enhancement was observed mainly due to higher reduction
of NOx compared to VOCs. If both VOCs and NO, are low for
example in the pristine regions, production of O; is very low. If
both are high for example in a polluted urban region, high levels
of Oz can be produced (Seinfeld and Pandis, 2006). In the
intermediate regime, O3 production or loss depends upon the
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levels of NO, and hydrocarbons. The transition from VOC-
limited to NOx-limited regimes can be gauged through various
proxies. OPE (i.e., AO3;/ANOz) is a simple measure to infer the O,
formation regimes with values less than 4 indicating VOC limited
and greater than 7 indicating NOx limited (Wang et al., 2017).
Another popular proxy is the ratio of OH-reactivity of NOx to
OH-reactivity of VOC (Sinha et al., 2012). If this ratio exceeds 0.2
(0.1), the O; production regime is VOC limited, whereas if it is
below 0.01, the O3 production regime is considered NOx limited.
The intermediate range, 0.01 < 2 < 0.2, indicates that the peak O,
production depends strongly on both NOx and VOC levels.
Furthermore, as the production of HCHO is proportional to
reactions of reactive organics with OH, the HCHO/NOy ratio can
also be used to segregate the two regimes with 0.28 marking the
transition from VOC limited to NOx limited (Sillman, 1995).

In the VOC-limited regime, decreasing VOC emissions
reduces the chemical production of organic radicals (RO),
leading to decreased cycling with NOx thus reducing O;
(Wang et al, 2021). In the NOx-limited regime, decreasing
NOx emission reduces NO, photolysis, directly reducing Os.
In contrast, in the VOC-limited regime, NOx acts to reduce O3, so
decreased NOx emissions promote O; production (Kleinman,
1994). Furthermore, in the NOx-limited regime (or VOC-
saturated), O; production is proportional to square root of
HOx (OH + HO,) production while in the VOC-limited (or
NOx-saturated) regime, O3 production is directly proportional to
HOx production. A WRF-Chem modelling study revealed that
the IGP region (including Delhi) is in a NOx to VOC transition
regime (Chutia et al., 2019). A box model study using the NCAR
master mechanism found that O; production in Delhi/NCR is
limited by the abundance of VOCs even though NOx is higher
(Chen et al,, 2021). In such VOCs-limited regimes, a decrease in
NO, would lead to enhancement in O;. During the lockdown
most of the vehicular emissions came to total halt except
emergency vehicles. Various industries were closed as well as
many other anthropogenic sources of emissions of these
pollutants. However, power generation did not stop but got
reduced. Major sources of NOy in Delhi are transport,
industries, and diesel generator sets (Table 3). All these three
sources were almost closed during the lockdown. Similarly, major
sources of VOCs include transportation (~50%), brick kiln, and
power plants (Guttikunda and Calori, 2013). The first two were
totally closed during the lockdown. So the lockdown would lead
to a much larger reduction in NO,. However, in the absence of
VOC measurements over Delhi, it will be difficult to quantify the
transition regions from VOC limited to NOx limited.

Surface O; shows different features at different study sites in
Delhi (Figure 9F). The Oj; results for the Central Road Research
Institute are not used here as there are often breaks in the data.
One explanation for this variation is related to the ratio of VOCs
to NO,. A clear increase in O3 values is observed over Anand
Vihar and NSIT-Dwarka, while the unlock phase brings back the
O; values down. In a normal scenario, spring peak in Oj is
observed over Delhi as a result of biomass burning in the
adjoining areas. Over Shadipur and NSIT-Dwarka, the levels
had been similar before lockdown and all were showing a
gradual increase from February to March. However, over
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FIGURE 10 | O3-NO; relationships for different lockdown phases and for different study sites.
Anand Vihar and Punjabi Bagh, the increase was not gradualbut  CONCLUSION

there had been a decrease in the 1st week of March followed by an
increase just before lockdown. However, since the onset of
lockdown, O3 over Anand Vihar continued to increase and
daily average remained over 60pugm ™ until air masses
changed in late June when Oj levels started coming down.
NSIT-Dwarka, located on the western part of Delhi, also
showed concurrent features like Anand Vihar (east Delhi)
increasing till Phase 3. However, in Phase 3, as relaxations
start in transport services, the plummet in Oj; levels coincided
exactly with an increase in NO,. This shows that during
lockdown, as anthropogenic emissions decreased, O; over
Delhi which is normally in a VOC-limited regime is now
controlled by titration effects with NO,. The feature is
specifically visible over NSIT-Dwarka, where overall NOy
levels are lower among the studied sites and decreased further
during lockdown (Figure 10). The O;-NOx relationships show
different patterns between pre-lockdown, lockdown, and unlock
periods at different sites. For instance, over Punjabi Bagh and
Anand Vihar, lockdown and unlock data are indiscernible while
over Shadipur and NSIT Dwarka, there is a distinct reduction in
O; levels between lockdown and unlock periods. It must be
mentioned here that for these O;-NOx relationships, we have
not considered the variation of VOCs. However, since these are
natural atmospheric data, VOCs in Figure 10, although not
shown (due to nonavailability of data), would also be different
for each individual point. As mentioned before from the Zhang
et al. (2021) analysis, NOx reductions are likely to be much larger
than VOC reductions. This is because the major sources of NOx
are few and were severely impacted by the lockdown e.g,
vehicular emissions but VOC sources are much more varied
and all were not impacted by lockdown e.g., residential emissions.

India started taking precaution in the initial phase of the spread of
the corona virus by imposing strict lockdown from 25th March,
2020 itself. This led to closing down of all the industrial activities,
all kinds of travel, educational institutes and people were asked to
remain in their houses. We studied the impact of these closed
anthropogenic sources of emissions during the lockdown from
25th March to almost May end and later unlocking of these till the
end of July 2020 at 5 selected locations covering Delhi using in-
situ measurements and satellite-based measurements of
important pollutants. Daily and monthly average values of
these pollutants for 2020 were compared with the 5-year
average values from 2015 to 2019. Satellite-based
measurements of monthly average AOD and tropospheric
column of NO, for the entire Delhi showed changes from the
5 year average and are listed in Table 5. Comparing the average
decrease of different species, it was observed that the species most
affected by the lockdown as observed for April data are PM
(includes both fine and coarse modes), NO, (includes both
surface level and tropospheric column), and CO. In terms of
percentage changes, the different species (except AOD and Os)
were clumped together in April when lockdown was in full force.
Overall O; showed an increase over Delhi while AOD showed a
much lower decrease compared to PM. The large decrease for CO
during lockdown indicates predominant contributions of
anthropogenic sources in Delhi for this species. Similar
decreases in both surface and columnar NO, during March-
June indicate dominant contribution of surface sources to NO,
columns over Delhi. While tropospheric col NO, concentrations
during COVID-19 months decreased by —-56.9%, —53%, and
—-32.4% in April, May, and June, the AOD values decreased
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TABLE 5 | Average combined percentage change for all the stations considered here as representative for changes in Delhi in monthly mean concentrations of various

species during COVID-19 months with respect to average of 2015-19.

March April
AOD 10.4 -25.3
Tropo Col NO, -13.4 -56.9
PMio -38.4 + 13.2 -58.0 + 13.6
PM, 5 421 +11.8 -54.0 + 17.9
NO, -14.4 + 254 -56.7 £ 17.1
CO -53.8 + 35.6 -57.4 + 285
O3 21.6 +46.7 43.4 + 57.0
SO, -33.7 £ 325 -481 £ 4.5

only by —25.3% in April, 2020 with respect to the 5 years average.
These slow changes in AOD continued with —22.5% and —7.1% in
May and June respectively. By July 2020, the AOD values have
almost become normal. It is to be noted that AOD showed much
lower decrease than tropospheric column NO,. A similar
difference is also observed by Pope et al. (2018). This could be
due to the fact that loss of aerosols through deposition occurs near
the Earth’s surface. The smaller aerosols in the boundary layer as
well as in the free troposphere coagulate to form bigger particles,
which also contribute to AOD. The lifetimes of aerosols near the
surface are very short as mentioned in Table 4 but much longer in
the free troposphere. So when emission of aerosols reduces at the
surface, column values (AOD) do not change that much. However,
NO, is photochemically dissociated to form NO, which is highly
reactive and reacts with various gases forming nitrates as well as
reforming NO,. This happens even more at the higher heights due
to intense solar radiation. Hence, when the supply from the
emission sources at the surface reduces, column NO, also reduces.

The in-situ measurements of surface level PM;, and PM, 5 also
showed maximum decrease of —58% and —54% respectively for
April, 2020. However, there was a significant decrease in March
itself for both the species by —38.4% and —42.1% respectively for
PM; and PM, s. This was due to 8 days of lockdown in March
coupled to seasonal change in wind direction resulting in
different source regions. A decrease of —45.8% and —33.7%
was observed in July also for both these species even during
the second unlock phase. Also, PM;, showed slightly more
decrease than PM, 5 in the same period. This could be because
of the lifetime of PM;, being shorter than PM,s (Table 4).
Decrease in NO, was almost similar to that of PM;, and
PM, 5. Major sources of aerosols and NO, are transport and
industries (Table 3), which were totally closed during the first two
phases of the lockdown. Although biogenic emissions constitute a
major source of CO, large changes in CO similar to other
anthropogenic markers e.g, SO, indicate overwhelming
anthropogenic components in Delhi. It is to be noted that the
lifetime of CO is much higher than that of SO, and other species.
Singh et al. (2020) have analyzed data for the Indian region and
have shown an average decrease in PM,4, PM,; 5, NO,, and CO by
about —58%, —45%, —50%, and —38% respectively.

Os, as discussed in Section 4.6, has complex chemistry
depending not only on the levels of its precursors but also on
the balance of NOx and hydrocarbons. Model estimates for Delhi
show that it is hydrocarbon controlled (Chen et al., 2021). We
observed mixed signals (increase as well as decrease) in the levels

May June July

-22.5 -7.1 2.5

-53.0 -32.4 -5.5
-47.8 + 20.8 —47.2 +18.2 -45.8 + 19.1
-34.7 £+ 19.6 35.0 +13.2 -33.7 £ 14.0
-49.6 + 14.8 -39.8 + 13.1 -256 + 7.7
-45.3 + 42.6 -28.8 + 26.3 -7.2+11.0
17.3 £ 78.3 214 +79.4 9.5 +82.2
-24.6 + 24.5 -0.7 + 30.0 209 + 32.7

of O; at different locations. This could be possible due to different
combinations of NOx and hydrocarbons, as these locations have
different emission sources, some are heavily transport (NOx)
impacted, while others have higher hydrocarbon emissions.
During lockdown, as anthropogenic emissions decreased, O;
over Delhi which is normally in a VOC-limited regime is now
controlled by NOx. The feature is specifically visible over NSIT-
Dwarka, where overall NOx levels were lower among the studied
sites and decreased further during lockdown. A clear increase in
Q3 values was observed over Anand Vihar and NSIT-Dwarka,
while the unlock phase evinced a fall in the O; values. Singh et al.
(2020) have found mixed variations in O3 due to lockdown in
different parts of India. Similar studies from China and Europe
found slight increases in O3 levels during the lockdown (Shi and
Brasseur, 2020; Xu et al., 2020; Sicard et al., 2020).

Overall, the effect on the levels of pollutants was mainly due to
the reduced vehicular emissions and atmospheric transport from
the surrounding regions as well as due to power generation and
other point sources. The higher peaks in PM, s coincide with
north-westerly air-masses sourced to industrial regions in
Haryana and Punjab of India all the way back to Lahore in
Pakistan and further back to the north-west. Simultaneously,
higher levels of tropospheric NO, column values were observed
in the month of May toward the north-west of Delhi and up to
Pakistan in the IGP which suggests heavy pollution due to
industrialization in this area acting as a source for Delhi. The
ratio of decreased PM;, between Punjabi Bagh and Central Road
Research Institute during different months showed an average
value of 1.1, which indicates a uniform impact of lockdown on
PM,,, from north-west to south-east of urban Delhi. However for
PM, s, the ratios of Shadipur to Anand Vihar are 1.6, 1.4, 1.5, 1.7,
and 1.6, respectively, for March to July months, with an average of
1.5. This near constant ratio evinces a 50% higher impact on PM, 5
in Central Delhi compared to Eastern Delhi due to lockdown. It is
to be noted that the lockdown was all over India. We have seen
that Delhi gets affected from the surrounding regions, states, as
well as even from the nearby countries such as Pakistan and
Afghanistan (Figure 7). Hence, these effects are cumulative. In
this context, it is worth mentioning that the control of pollution by
the local government through restriction of odd-even vehicular
movement (only 4 wheelers and in Delhi city only) did not yield
the desired results (Chandra et al., 2018).

Hence, changes in the levels of various pollutants during the
lockdown-2020 were variable depending upon the emission
sources, lifetimes, and chemistry. These results are very useful
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for testing and updating the emission inventories as well as for
models.
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Novel Coronavirus disease (COVID-19), after being identified in late December 2019 in
Wuhan city of China, spread very fast and has affected all the countries in the world. The
impact of lockdowns on particulate matter during the lockdown period needs attention to
explore the correlation between anthropogenic and natural emissions. The current study
has demonstrated the changes in fine particulate matter PM. 5, PM+q and their effect on air
quality during the lockdown. The air quality before the lockdown was low in New Delhi
(India) and Riyadh (Saudi Arabia), among major cities worldwide. The air quality of India is
influenced by dust and sand from the desert and surrounding areas. Thus, the current
study becomes important to analyse changes in the air quality of the Indian sub-continent
as impacted by dust storms from long distances. The result indicated a significant
reduction of PMss and PMyy from 93.24 to 37.89 ug/m3 and from 176.55 to
98.87 ug/m3 during the lockdown period as compared to pre lockdown period,
respectively. The study shows that average concentrations of PM;g and PM. 5 have
declined by -44% and -59% during the lockdown period in Delhi. The average value of
median PM;o was calculated at 33.71 pg/m? for Riyadh, which was lower than that value
for New Delhi during the same period. The values of PM;q were different for pre and during
the lockdown periods in Riyadh, indicating the considerable influence on air quality,
especially the concentration of PMyg, from both the natural (sand and dust storms)
and the anthropogenic sources during the lockdown periods. However, relatively
smaller gains in the improvement of air quality in Riyadh were correlated to the
imposition of milder lockdown and the predominance of natural factors over the
anthropogenic factors there. The Air Quality Index (AQI) data for Delhi showed the air
quality to be ‘satisfactory’ and in the green category during the lockdown period. This
study attempts to better understand the impact of particulate matter on the short- and
long-term air quality in Delhi during the lockdown. This study has the scope of being scaled
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up nationwide, and this might be helpful in formulation air pollution reduction and
sustainable management policies in the future.

Keywords: COVID-19, air quality, particulate matter, New Delhi, Riyadh

INTRODUCTION

The COVID-19 originated from the city of Wuhan in China,
supposedly in December 2019after the detection of the first
COVID-19 positive case (Bashir et al, 2020; Chen et al,
2020). COVID-19 has become a pandemic impacting the
entire population. Corona Virus causes respiratory infection in
people and is known as SARS-CoV-2 (Zheng, 2020). The World
Health Organisation (WHO) declared the Corona Virus outbreak
a pandemic on March 11, 2020 (World Health Organisation,
2020).

Several studies have confirmed high transmissivity of the
Corona Virus, which affects many people within a short
period (Gautam and Trivedi, 2020; Sharma et al., 2020).
As of October 04, 2021, more than 248 million people
have been affected, and more than five million people have
died across countries (including India) because of the
COVID-19 virus (World metros, 2021; Ritchie et al,
2020). The effects of the COVID-19 pandemic went far
beyond just health to economic, social, psychological, and
occupational (Abbas et al., 2019; Mubeen et al., 2020; Liu
et al., 2021a; Abbasi et al., 2021; Paulson et al., 2021; Wang
et al., 2021). The pandemic has impacted the mental well-
being of a huge proportion of the population in the form of
distress, stress, and depression, as revealed by several studies
(Abbas et al., 2019; Ageel et al., 2021; Lebni et al., 2021; Local
Burden of Disease, 2021). Su et al. (2021b) reported that
COVID-19 induced unprecedented illness perception has
caused mental disorders, including anxiety and depression,
which have severely impacted individuals’ mental health.
Furthermore, a study reported the relationship between
the COVID-19 infection and vaccine non-adopters in
terms of detection of the number of new corona cases (Su
et al., 2020). Several research scholars claimed that reduced
stress and depression lead to better mental health (Li et al.,
2021). Better social and educational support to vulnerable
individuals might help explain differences in the scale of
observed mental health problems across countries. (Azadi
et al., 2021; Abbas., 2021; Su et al., 2021a; Azizi et al., 2021;
Abbas et al., 2019).

India ranked third after the USA and Brazil among the top
countries with more than 12 million cases and more than 0.16
million deaths (Ritchie et al., 2020; world metros, 2021). In India,
the Ministry of Health and Family Welfare reported the first
COVID-19 case in Kerala on 30" January, 2020 (Gutam and
Hens, 2020), and the first death was reported on 12 March, 2020
(World Health Organisation, 2020b). On 224 March, 2020, the
Central Government imposed an emergency “Janata Curfew” in
the whole country, which was intensified by a city-scale
quarantine and nationwide lockdown starting from March 24,
2020 (Khetan et al., 2020).

Since then, more restrictive measures have been introduced
except for essential services, such as fire, police, and health. Then
industrial activities, hospital services, and educational institutions
were also suspended until further notice. The government took
these steps to flatten the infection curve. Since the lockdown
meant the least movement and transportation and a considerable
reduction in construction activities, the air quality improved quite
significantly. Similar socio-economic activity restrictions were
also seen in other countries in response to the pandemic
(Kerimray et al, 2020). A drop in air pollutants has been
recorded because of these initiatives (Dutheil et al., 2020).

India is considered one of the most severely polluted countries
globally, especially for particulate matter and dust particles. The
air quality in India is impacted by meteorological parameters
such as winds which bring a huge quantity of dust and sand from
the desert and surrounding areas (Knippertz et al., 2007; Pye,
2015; Albugami et al, 2019). Many studies have reported
variations in aerosol loading (dust particle in the atmosphere),
surface cooling, and their possible relationships with
meteorological factors such as rainfall, wind speed in India
and East Asia (Krishnan and Ramanathan, 2002; Devara et al.,
2003; Cheng et al., 2005; Prasad et al., 2006; Nakajima, 2007;
George et al.,, 2008). The air quality of the Indian subcontinent,
including the north-western part of India, is possibly influenced
by the dust storms which may originate from Arabian Peninsula.

This study tried to correlate the possible changes in the air
quality of Delhi with the dust storms from Arabian Peninsula
(Saudi Arabia). Dust storms are common in the north-western
part of the Indian subcontinent, the Arabian Peninsula, China,
and the Sahara Desert (Wang, 2015). The transport of dust
particles originated from the Arabian Peninsula and enter
India through Afghanistan, Pakistan via land routes and
through the Arabian Sea via sea routes (Middleton, 1986;
Kedia et al., 2018). In addition, dust storms can severely affect
air quality and particulate matter concentrations (PM, s and
PMjo). A study suggested a significant positive correlation
between precipitation and the increase of dust emissions,
especially in Saudi Arabia, Oman, and the Thar Desert, India
(Kaskaoutis et al., 2012; Namdari et al., 2018).

Several literatures reported that the frequency and the
intensity of dust storms have been increasing, which is
positively associated with land-use and land-cover changes and
meteorological factors in some regions of the world like the
Arabian Peninsula (Yu et al, 2015; Alobaidi et al., 2017;
Gherboudj et al, 2017; Almazroui et al, 2018), and the
Middle-East (Rashki et al., 2012; Turkes, 2017; Namdari et al.,
2018) as well as Central Asia (Indoitu et al., 2015; Xi and Sokolik
2015). Furthermore, a positive correlation between dust and
meteorological factors is attributed to dust emission over
Arabian Peninsula and its transportation to the Indian
subcontinent (Jin et al, 2021). In addition, the Indian
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subcontinent, especially northern parts of India, is a potential
source of pollution originating from the Thar desert located in
northwestern India (Sarkar et al., 2019; Jin et al., 2021).

A sudden halt of all anthropogenic activities (mainly
transportation and industrial activities) during the lockdown
measures in India improved the air quality. Several studies
conducted throughout the world reported an association
between short term exposure to particulate matter and
COVID-19 confirmed cases such as an outbreak in over major
cities of Saudi Arabia (Farahat et al., 2021) Northern Italy (Bashir
et al., 2020; Report et al., 2020), China (Mehmood et al., 2020;
Wang et al., 2020a; Zhu et al., 2020), in Malaysia (Suhaimi et al.,
2020) and a similar result for the United States (Wu et al., 2020).

Several studies have reported a significant improvement in air
quality during the lockdown period (Gautam, 2020; Zhu et al,,
2020) especially, Particulate Matter PM, 5 (size <2.5 pm3) and
PM,, (size <10 pms), which are considered significant air
pollutants directly associated with adverse health effects on
human beings (Kumar et al., 2014a; Singh et al, 2014; Singh
et al,, 2021a). A study in China reported a positive association
between short-term exposure to air pollution and coronavirus
disease (Muhammad et al., 2020; Zhu et al., 2020). Another study
in China also suggested a positive correlation between particulate
matter (PM,s and PM,,) and mortality rates of COVID-19
(Bashir et al., 2020). Another study from China has also
shown that ambient temperature might play a crucial role in
COVID-19 infection (Xie and Zhu, 2020). Several recent studies
have highlighted a significant improvement in air quality with
respect to reduction of PM, 5 by 34-73.85%, of PM;, by 40-58%,
(), of NO, by 3-79%, of CO by 2-60%, of NH; by 30-75%, (), and
of SO, by 15-58% () in different cities across India during the
lockdown period (Dutta & Jinsart, 2020; Kumari and Toshniwal,
2020; Navinya et al., 2020; Pant et al., 2020; Resmi et al., 2020;
Vadrevu et al.,, 2020; Kumar et al., 2020; Kumar & Tyagi, 2021;
Khan et al., 2021; Maji et al., 2021; Sathe et al.,, 2021).

Several studies have been conducted in different parts of cities
to assess the impact of COVID-19 lockdown on air quality but for
a short period of time (Kotnala et al, 2020 (January-March
2020); Kumar, 2020 (March-May 2020); Kumar et al,, 2020
(March-April 2015-2020); Mahato et al., 2002 (3 March-14
April 2020); Navinya et al, 2020 (1 February-3 May
2019-2020); Srivastava et al., 2020 (15t720th February and 24
March-14 April 2020). The present investigation was an attempt
to evaluate the changes in the level of the particulate matter before
and during the complete lockdown period (1 January-31"" May
2020)

Northwest Indian sub-continent faces the adverse impacts of
dulust particles, including particulate matter from distant places
like Saudi Arabia and meteorological parameters such as wind
and precipitation. Both of these factors played a crucial role in the
deterioration of the air quality in India. Therefore, the present
investigation attempted to evaluate the changes in the level of the
particulate matter before (January 1, 2020 to 23" March, 2020)
and during the entire lockdown period (24™ March, 2020 to May
31, 2020) in Delhi India. Hence, the present study also aims to
evaluate the levels of particulate matter in two different cities
(New Delhi and Riyadh) during the lockdown period (1st January

Particulate Matter During COVID-19 Lockdown

to May 31, 2020). Further, the study compared the concentration
of particulate matter for pre-lockdown and during the lockdown
periods and explored the potential natural and anthropogenic
emission sources.

Further, the study aims to increase the scientific rigor of
research in this area. However, some of the limitations of the
current manuscript required access to meteorological parameters,
including rainfall, relative humidity, solar radiation, and wind
speed. These limitations can be tackled in future studies with
larger sample sizes and the inclusion of more factors in the
analysis to draw exciting results.

MATERIALS AND METHODS

To investigate the effect of restricted mobility on the
concentration levels of particulate matter in the ambient
atmosphere of Delhi (India) and Riyadh (Saudi Arabia), we
utilized the air quality index (AQI) data from the respective
Air Quality Monitoring Stations. The pandemic situation was
classified into two periods, before lockdown and during lockdown
for both the cities (Delhi and Riyadh). The time for Delhi, India
before lockdown (between 1% January, 2020, and 24™ March,
2020) was termed as ‘pre-lockdown’ period, and the time between
25" March and May 31, 2020 was termed as ‘during-lockdown’
period. The time for Riyadh, Saudi Arabia before lockdown
(between January 2020, and March 2020) was termed as “pre-
lockdown” period, and the time between March and May 2020
was termed as ‘during-lockdown’ period. So, in the current study
authors have studied and compared the air quality in both these
cities in a comparable time frame.

Data and Sources

The hourly and daily data on air pollutants were obtained from
the online portal of the Central Pollution Control Board (CPCB),
particularly the data for PM;, (size of particulate matter <10
microns), PM, 5 (size of particulate matter <2.5 microns), and
meteorological parameters. In this paper, we focused and
collected secondary data for only PM;, and PM,5 from 1%
January, to 31% May, 2020 to determine the relative changes
(in %) in air quality from the CPCB monitoring site (https://app.
cpcbecr.com/ccr/#/caagm-dashboard-all/caagm-landing). In
addition, the data on PM;, for Riyadh, Saudi Arabiawere
procured from the World Air Quality Index from 1% January
to April 10, 2020 (https://aqicn.org/data-platform/covid19/).
CPCB in India provides high-quality data through rigorous
quality assurance or quality control (QA/QC) programs via
scientific sampling, analysis, and calibration (Mahato et al., 2002).

Air Quality Index (AQI) is a tool for identifying the pollutant
criteria and is also used to report the severity of air pollution to
the public. In addition, AQI plays an important role in
deliberating an individual pollutant into a whole index using
the aggregation method (Ott, 1978).

AQI India provides air pollution data with a real-time Air
Quality Index for various air pollutants. The National Ambient
Air Quality Standard (NAAQS) revised AQI by considering eight
parameters, namely, PM;4, PM, 5, NO,, SO,, CO, O3, NH;, and
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FIGURE 1 | The box plot for concentration of PM, 5 and PM;q during the pandemic, North Campus Delhi University.

Pb for a short term (up to 24 hourly average) period (Kumar et al.,
2014b; CPCB, 2016). An AQI is used to provide information
about the quality of air in terms of pollution level. It is directly
associated with public health. The public health risk increases
with an increase in the AQI level. Six AQI categories have been
defined for health risk, namely, “Good”, “Satisfactory”,
“Moderately polluted”, “Poor”, “Very Poor”, and “Severe”.

Further, this index provides information to the public who are
sensitive to air pollution (Beig et al., 2010). To identify the overall
improvement in air quality over Delhi, AQI was calculated, and
details of AQI are available elsewhere (Sharma et al., 2020). The
AQI is divided into five categories: good (0-50), satisfactory
(51-100), moderate (101-200), poor (201-300), very poor
(301-400), and severe (401-500) respectively. AQI method
that provides sub-index approach using six criteria pollutants
(i.e. PM;, PM, 5, SO,, NO, CO and O3) were converted into AQI
standard value. The AQI for each pollutant was calculated by the
following formula given by Sahu & Kota (2017).

~ IHI-ILO
"~ BreakHI — BreakLO

AQIi x (Ci - BreakLO) + ILO

where C; is the observed concentration of the pollutant “i”;
Breaky; and Break;o are breakpoint concentrations, greater
and smaller to C;; and Iyy and I  are corresponding AQI ranges.

For the final calculation of AQI for individual pollutants, at
least a minimum of three pollutants for the AQI value is required.
In this study, we have also considered the daily average values of
other pollutants (NOx and Os;) to calculate AQI values. The
formula for calculating the AQI value was presented in the
Supplementary File. The AQI values for particulate matter

(PM, 5 and PM;) before and during lockdown were calculated
corresponding to the other pollutants.

Data Analysis and Procedure

The present study analyzed the total data (n = 152 and n = 90) for
a monitoring station, North Campus, Delhi University, New
Delhi, and Riyadh, Saudi Arabia, to evaluate the variable
changes in particulate matter in the comparative time frame.
Time series plotting techniques were used to investigate variable
changes over time during the pre and lockdown period. Statistical
Package for the Social Sciences (SPSS) software was used to
perform the statistical analysis (version 26.0 SPSS Inc,
Chicago, IL, United States). The wind rose plot was drawn
using Lake Environment software with wind speed input
parameters.

RESULTS AND DISCUSSION
PM, 5 and PM, Levels in New Delhi, India

In the present paper, particulate matter (PM, 5 and PM,,) levels
have shown a significant decline from January to May 2020
during the pandemic situation (Figure 1). According to Singh
& Kumar (2021) the continuous reduction in the levels of
particulate matter (PM,s and PM;,) was observed in
subsequent months during the complete lockdown caused by
the restriction of non-essential services such as transport and
complete closure of markets and industrial activities. Average
concentrations of PM,s and PM,, were 123.24 pgm-3 and
151.24 pugm-" respectively, in North Campus, Delhi University.
The maximum concentrations of PM,s and PM,, were
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FIGURE 2 | The box plot for concentration of PM, 5 and PM;, during pre- and during the lockdown period, North Campus Delhi University.

During lockdown

178.2 ugm > and 335.43 ugm ™ respectively during the month of
February, whereas the minimum were 12.36ugm™ and
23.06 ugm > during the month of May. In addition, the lowest
mean concentrations were 31.42 pgm’3 and 100.16 pgm’3’
respectively, during the month of April (Supplementary
Figure S1). Thus, the concentration of PM, 5 was observed far
below the prescribed standard value of CPCB (40 pgm ) in the
month of April. The significant reduction in PM, 5,1 was caused
by restrictions on the use of private vehicles and other non-
essential transportation, halt on construction and industrial
activities. This led to a general reduction of anthropogenic PM
pollution (Klimont et al., 2017). The linear decline in the average
concentration of PM, 5 was reported even in New York (pgm_3 )
from December 2019 to March 2020 (Chauhan and Singh 2020).
Singh et al. (2021b) claimed that the mean concentrations of
PM, s and PM;, were slightly higher during the month of May
owing to the start of use of necessary transportation and
controlled industrial activities in non-containment zones in
Delhi. (Supplementary figure S2).

The present study focused on determining drastic changes in
the concentrations of air pollutants, especially particulate matter
PM, 5 and PM,( concentrations, during the pandemic situation in
India, including Delhi. The PM,s and PM;, concentrations
significantly declined from January 2020 to May 2020 during
the pandemic situation in Delhi. A constant decline in the PM, 5
and PM;, concentrations was observed in subsequent months
due to complete lockdown, during which international and trains,
traffic activities, markets, and industrial activities were
suspended. The average concentrations of PM, 5 and PM;, in
the pre-lockdown period were observed to be 93.24 ugm ™ and
176.55 ugm™> whereas, during the lockdown period, they were
36.09 ugm > and 98.87 ugm >, respectively (Figure 2). Several
recent studies on Delhi reported similar results for PM2.5
concentration values; Singh et al., 2021 (41.41 pgm-3), Dutta

and Jinsart, 2020 (42.15pgm-3), Chaudhary et al,
(33.09-122.2 pgm-3), Roy and Balling (46.5-39.1 pgm-3). This
significant reduction was mainly attributable to government’s
orders on non-use of private vehicles and other non-essential
transportation since transport sector is the primary source of
particulate matter in the atmosphere.

The maximum value of PM,s and PM;, in the pre-
lockdown period was calculated to be 215.5ugm™> and
369.94 uygm > whereas, during the lockdown period, it was
estimated to be 88.5ugm™> and 93.24 ugm™> respectively
during the month of April. In terms of minimum
concentrations of PM, s and PM,,, pre-lockdown values
were recorded to be 17.84pugm > and 43.82 pugm~’
respectively during the month of March; whereas, during
the lockdown period, these respective values were
12.36 ugm™> and 23.03 ugm™> during the month of April
(Supplementary Figure S3). The present study shows that
average concentrations of PM, 5 and PM;, declined by -59%
and -44%, respectively, during the lockdown period in Delhi.

According to Kerimra, spatial reduction in the value of PM, 5
varied between 6 and 34% during the lockdown period in Almaty,
Kazakhstan (Kerimray et al., 2020). A study conducted in
Zaragoza, Spain, also reported a decline in the concentration
of PM, 5 by -58% during March 2020 compared with February
2020. Similar changes were also observed in Beijing and other
cities of China during the lockdown period (Sharma et al., 2020).
Another study found a reduction in the concentration of PM;, in
urban areas and traffic areas by -27.8% and -31%, respectively, in
Barcelona (Spain) during their lockdown periods (Tobias et al.,
2020). Thus, the significant reduction in the concentration of
PM,s and PM;, during the lockdown period could also be
attributed to a lower frequency of temperature inversion,
atmospheric temperature, increasing wind speeds, and changes
in wind direction.
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TABLE 1 | Several recent studies across the world during the lockdown period.

The study area (city, country)

Present Study (Delhi, India)
Delhi (India)
Delhi (India)
Delhi (India)

Dethi (India)

Chennai (India)

Uttar Pradesh (India)

Uttar Pradesh and the Delhi-National Capital Region

(India)

Delhi, Mumbai, Kolkata, Chennai, and Hyderabad (India)

Delhi, Mumbai, Kolkata, and Bangalore (India)
Delhi, Mumbai, Kolkata, and Chennai (India)

India (22 different cites)

Dwarka river basin within Jharkhand and West Bengal

(Indlia)

Lucknow, and New Delhi, (India)

Gujarat (India)

Mecca, Madinah, and Jeddah (Saudi Arabia)

Makkha city (Saudi Arabia)

Riyadh, Makkha, and Jeddah (Saudi Arabia)

Eastern Province (Saudi Arabia)

Riyadh (Saudi Arabia)

Global countries (34 countries including Saudi Arabia)

Cairo, Egypt and Riyadh (Saudi Arabia)
China and Europe (France, Germany, Spain, and Italy)

New York, Los Angeles, Zaragoza, Rome, Dubai, Delhi,

Mumbai, Beijing, and Shanghai

Key findings for PM, s and PM,o

Average concentrations for PM, s and PM;o during the lockdown period were
observed to be 36.09 pg/m® and 98.87 pg/m®, respectively

Average concentrations for PM, s and PM4o were varied from 41.14 to
60.56 pg/m® and 86.81-169.32 ug/m? for different lockdowns in Delhi, India,
respectively.

Reductions in PM, 5 (39%) and PM;q (60%) as compared to 2019.

A similar study conducted in Delhi, the result showed that PM, 5 and PM4q
levels declined up to 55-65% during the lockdown period

The average concentrations of atmospheric air pollutants PM, s and PM, were
reduced to 42.15 pg/m®, and 128.68 pg/m® and where 73.85%, and 46.48%
lower than pre-COVID-19 levels.

overall PM, 5 values decreased for the lockdown (ranging from ~32-187%),
weekly analysis shows the variation in reduction/increase.

A significant reduction in the ground-level pollution load of PM, 5 and PM;q has
been observed during the lockdown period in Uttar Pradesh.

The PM, 5 concentrations during lockdown Phase 1 were approximately
44.6% lower for cities in Uttar Pradesh and about 58.5% lower for the
Delhi-NCR

The average concentration levels of PM, s and PM;o have decreased
nationwide by 33%, and 34% respectively during the nationwide lockdown
compared to their concentration levels before the lockdown.

Concentration declined in PMy 5 (~41%) and PM10 (52%).

The findings conclude a significant improvement in air quality with respect to a
reduction of 49-73%, 17-63%, in the mean concentration of PM, 5 and PM;,
respectively.

Reduction in concentration for PM, s (43%) and PM;q (31%)

PM; o concentration was reduced from 189-278 ug/msin the pre-lockdown
period to 50-60 pg/mé.

PM, 5 concentration for Lucknow and New Delhi declined from 54-222 and
47-204 pg/m® during the lockdown period (25th March to 14 April,
respectively.

The concentrations of PM, 5 and PM4q were reduced by 38-78%, and
32-80%, in Guijarat respectively.

No major changes in PM4 were observed, whereas other findings were 44%
reduction in NO, and 16% reduction in CO concentrations during COVID-19
restrictions.

Findings indicate the presence of a significant decrease of concentration rates
during the lockdown period, compared with the pre-pandemic period, by
26.34% for SO5, 28.99% for NO», 26.24% for CO, 11.62% for Oz, and 30.03%
for PMyo.

The percentage changes in concentrations of CO (33.60%) and SO, (44.16%)
were higher in Jeddah; PMyo (91.12%) in Riyadh, while NO, (44.35%) and Og
(18.98%) were highest in Makkah

The Eastern Province, Saudi Arabia experienced significant concentration
reductions at varying rates for PM;q (21-70%), CO (5.8-55%), and SO,
(8.7-30%), while O3 concentrations showed increasing rates ranging between
6.3 and 45%.

After sandstorm, the air pollutants, CO level increased by 84.25%; PM, 5: 76.
71%; Ogz: 40.41%; NO,: 12.03%; and SARS-CoV-2 cases increased by 33.
87%. However, the number of deaths decreased by 22.39%.

On a global average basis, a 34.0% reduction in NO, concentration and a
15.0% reduction in PM, 5 were estimated during the strict lockdown period
(until April 30, 2020). Global average O3 concentration increased by 86.0%
during this same period.

The results demonstrated that the lockdown was associated with a reduction in
NO, by 40.3 and 23% in Riyadh and Cairo, respectively.

Decreased PM, 5 in 367 cities (18.9 pg/m3), and Wuhan (-1.4 pg/m3)

Declined PM, s concentration in Delhi (35%), Mumbai (14%), Beijing (50%),
Shanghai (50%), Dubai (11%), New York (32%), Los Angeles (4%), and
Zaragoza and Rome (no changes).

Author (year)

Present Study

Singh & Kumar (2021)
Mahato et al. (2002)
Garg et al. (2021)

Dutta & Jinsart (2020)

Singh and Tyagi (2020)
Kumar (2021)

Goel et al. (2020)

Verma and Kamyotra (2021)

Jain & Sharma, (2020)
Pant et al. (2020)

Sharma et al. (2020)
Mandal & Pal (2020)

Srivastava et al. (2020)

Selvam et al. (2020)

Farahat et al. (2020)

Morsy et al. (2020)

Aljahdali et al. (2021)

Anil & Alagha (2020)

(Meo, 2021)

Torkmahalleh et al. (2020)

Abdelsattar et al. (2021)

Zambrano-Monserrate et al.
(2020)
Chauhan & Singh (2020)

(Continued on following page)
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TABLE 1 | (Continued) Several recent studies across the world during the lockdown period.

The study area (city, country)

Spain (Barcelona)
Malaysia and Southeast Asia

Key findings for PM, s and PM;o

Decline PM;o concentration in Spain from -28% to -31%.
Reduced concentration in PMyq for (industrial: 28-39%, urban: 26-31%), and

Author (year)

Tobias et al. (2020)
Kanniah et al. (2020)

PM, 5 (industrial: 20-42%, urban: 23-32%) respectively.

Southern European cities (Nice, Rome, Valencia and
Turin) and Wuhan (China)

Yangtze River Delta Region (China)

44 cities in northern China

Almaty (Kazakhstan)

Northern China

stations, respectively.

respectively.
Sale City (Morocco)
China (Beijing, Shanghai, Guangzhou, and Wuhan)

Declined in PM, 5 and PM;q (~8% in Europe and ~42% in Wuhan) at urban

Reductions in PM, 5 (27-46%) in China.

The AQI for PMs s, and PM; o, decreased by 6.76%, and 5.93%, respectively.
Reduction in PM 5 (21%, spatial variations: 6-34%).

Reduction in PM, 5 (29 + 22%), and (31 + 6%) in Northern China and Wuhan

PM;o was reduced by 75% in Sale City.
Decreased PM, 5 in Beijing, Shanghai, Guangzhou, and Wuhan by 9.23, 6.37,

Sicard et al. (2020)

Li et al. (2020)
Bao & Zhang, (2020)
Kerimray et al. (2020)
Shi & Brasseur (2020)

Otmani et al. (2020)
Wang et al. (2020b)

5.35, and 30.79 pg/m®, respectively.

Role of Meteorological Parameters
The meteorological parameters such as temperature, mixing

height, wind speed, and rainfall played a significant role in
changing PM, 5 and PM,, levels during the lockdown period.
PM, 5 and PM levels were observed to rise in the second week of
phase-I of lockdown, primarily attributed to changes in
meteorological conditions over Delhi and NCR.

Due to the onset of summers, the temperature started to
increase with an average temperature of 20.9 °C on March 16,
2020 to 30.4 oC on 1% May 2020, leading to dry and dusty
conditions. Moreover, it was reported that a mild dust storm from
the western part of the country and even from the gulf regions hit
Delhi on 14th-15th April 2020, thus rapidly increasing the PM;o
levels in Delhi and NCR. It is important to mention here that
meteorological factors with average mixing height and wind
speed improved the level of PM, 5 and PM,, for pre-lockdown
and lockdown phases against the same periods in the previous
year. Wind speed and mixing height were also higher in the first
lockdown phase than pre-lockdown levels. Spells of light to
moderate rains were also recorded in Delhi NCR on 5%
March, 14™ March, 27™ March, 28th—29th March, 17th, and
18th April, 25th and 26th April, and 3" May during 2020,
assisting in air quality improvement (CPCB, 2020).

The salient findings from several recent studies worldwide,
including India and Saudi Arabia, during the lockdown period are
presented in Table 1. A negative correlation between
concentrations of PM,s, PM;, and ambient temperature was
reported during the lockdown period, which indicated vertical
dispersion of PM pollutants caused by high temperature (Singh
et al, 2016; Singh et al,, 2021c). The present study revealed a
significant negative correlation between wind speed and
particulate matter pollutants which possibly indicated the
predominance of local sources as well as transportation of
dust particles from longer distances over Delhi during the pre-
lockdown period (Supplementary Table S1). The wind rose for
Delhi during the lockdown period was depicted in the Figure 3.
The wind rose blow from north-east much of the time during the
lockdown period. This westerly wind and rainfall along the
Mediterranean Sea could play a possible role in washing out
the particulate matter during March, which led to further decline

of the PM pollutant from the ambient atmosphere (Singh &
Kumar, 2021).

PM,, Levels in Riyad, Saudi Arabia

The maximum and minimum median values in Riyadh were
245 ugm ™ and 6.0 ugm > respectively, during the same period.
The average median of PM;, during the lockdown period was
33.71 ugm . A similar result for Riyadh was reported (24.10 +
4.78 ugm ) during the lockdown period by Aljahdali et al,, 2021.
The value of PM,, was observed much lower than the standard value
(80 ugm ™ annual means) by prescribed Presidency of Meteorology
and Environment (PME) (Munir et al., 2016).

The present study finds no major changes in particulate matter
pre- and post-lockdown periods in Riyad, Saudi Arabia, which could
be due to frequent dust events during the same period. Farahat also
suggested similar findings over major cities (Mecca, Jeddah, Madinah)
of Saudi Arabia during the Hajj Period of 2019-2020, where the winds
played a crucial role in the transportation of dust (Farahat et al., 2021).
Another study conducted in the Eastern Province of Saudi Arabia
experienced a significant reduction in the concentration of PMj,
(21-70%) during the lockdown period (Anil & Alagha, 2020). Morsy
indicated a considerable decrease in concentration levels during the
lockdown period, compared with the pre-pandemic period, by 30.3%
for PM; in Makkah city, Saudi Arabia (Morsy et al., 2021), The flatted
peak of PM;, during the pandemic lockdown period was interpreted
by the commitment of Makkah residents due to precautionary
measures of COVID-19.

Furthermore, preventive measures such as curfew
enforcement had contributed to lowering the level of
particulate matter to a great extent in the capital of Riyadh. The
complete lockdown and restricted industrial activities and vehicular
movement resulted in a significant reduction in air pollutants, as
recorded by some air quality monitoring stations located throughout
the city (Saudi Gazette, 2020). A comparative graph between New
Delhi (India) and Riyadh (Saudi Arabia) for particulate matter has
been presented in Figure 4 during the pandemic lockdown periods.

Air Quality Index

Delhi is considered as one of the most polluted cities on the Earth,
with transport (41%), industry (18.61%), power plants (4.92%),
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FIGURE 3 | Wind rose diagram for Delhi monitoring station.
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TABLE 2 | National AQI classes, range, health impacts and health breakpoints for the seven pollutants (Scale: 0-500).

AQI category (range) Associated Heath Impacts

Good (0-50)
Satisfactory (51-100)
Moderately Polluted

Minimal Impact
Minor breathing discomfort to sensitive people
Breathing discomfort to the people with lung

(101-200) disease

Poor (201-300) Breathing discomfort to the people with prolonged
exposure

Very Poor (301-400) Breathing illness to the people with prolonged
exposure

Sever (401-500) Respiratory effects even on healthy people

and residential emissions (2.96%) being the major contributing
factors. The levels of PM, 5 and PM in Delhi drastically declined
during the pandemic. The AQI data for the present study shows
that the mean concentrations of PM, s and PM,, in the pre-
lockdown period were 93.24 ugm-3 (indicating ‘poor’ air quality)
176.55 ugm > (indicating “moderately polluted” air quality)
respectively. The average values of PM, 5 and PM;, during the
lockdown period were found to be 37.89 pgm > and 98.87 ugm >
respectively, indicating a “satisfactory” green category of air
quality equivalent to a few of the European cities during the
lockdown period (Table 2). The drastic change in Delhi’s air
quality could be attributed to a decrease in socio-economic
activities in the city. The concentrations of PM,s and PM;,
decreased by 59 and 44% during the lockdown period: a marked
improvement in air quality. A similar finding was reported with a
maximum reduction of 49% in AQI value in Delhi (Sharma et al.,
2020). This led to a drastic improvement of the AQI values in
Delhi. The air quality levels drastically improved because of the
complete absence of major sources of primary air pollutants, such
as emissions from vehicles, industry, construction, and brick
kilns, during the lockdown period.

Apart from this, another study focused on exploring adverse
effects on global public health and social media’s indispensable
role in providing the correct information in the COVID-19 health
crisis (NeJhaddadgar et al, 2020; Liu et al, 2021b). A study
claimed that human-pathogen interactions, such as data from
Unit 731, can help epidemiologists better understand pandemics
of COVID-19’s scale (Su et al., 2021a; Su et al., 2021b).

CONCLUSION

The outcome of lockdown on air quality was assessed from 1%
January, 2020 to 31% May, 2020 for New Delhi (India) and from
1st January, 2020 to 10" April, 2020 for Riyadh (Saudi Arabia).
The significant reduction in the concentration levels of PM, s and
PM,, was caused by restrictions on the usage of private vehicles,
suspension of non-essential transportation, construction, and
industrial activities during the pandemic. The reduction in the
concentration value of PM, 5 was calculated to be more than the
value of PM;, during the lockdown period, which indicates that

Pre-lockdown During lockdown

PM;oPM_ 5 24-h PM;PMzs  PMyo24-h  PMys24-h  24-h
24-h 24-h

0-50 0-50

31-60 51-100 58 99
61-90 101-250 151

91-120 251-350

121-250 251-430 211

250+ 430+

traffic was a significant source for the emission of PM, 5. Average
concentrations of PM,s and PM,, were calculated to be
12324 pg/m> and 151.24 ug/m™  respectively, in North
Campus, Delhi University. Average concentrations of PM,s
and PMj, in the pre-lockdown period were observed to be
93.24 ug/m’ and 176.55 pug/m>, respectively, whereas, during
the lockdown period, their respective concentrations were
37.89 ug/m> and 98.87 pg/m>. The values of PM,, showed
different trends in Riyadh compared to New Delhi, indicating
significant influence from natural (sand and dust storms) and
anthropogenic sources during the lockdown periods. This could
be attributed to no major changes for particulate matter for pre-
and during the lockdown periods. The COVID-19 provided a rare
opportunity to countries, including India, to collect air pollution
baseline data during the nationwide lockdown. Air pollutants
from transport, industries, and commercial activities were
reduced significantly during this period. This baseline data
could be very relevant to air pollution reduction policies.

Despite this, there are several challenges in the present study,
particularly in selecting only one monitoring station. This is a
small-scale study with a limited number of sites, which shows
significant results. A detailed analysis with a greater number of
monitoring stations is desirable. Identification of the sources of
air pollution may be incomplete, and certain temporal aspects
need to be further studied. In addition, meteorological parameters
play a significant role in the transmission of COVID-19 that need
to be examined in detail. The non-enforcement of India’s anti-
pollution laws is one of the major factors contributing to the high
pollution load in India. More research emphasizing these areas is
needed. The government should make efforts to maintain positive
air quality by instituting advanced emission control technologies
because it can significantly improve the environment and thus the
health of the people.

The relationship between the air quality and COVID-19
induced lockdowns is significant, subject to the strength of
local meteorological and other natural factors. For example,
the magnitude of improvement in the air quality in Delhi,
shown by a drastic reduction in the concentration of air
pollutants, especially PM,s and PM,y, is mainly correlated
with the on-ground implementation of the lockdown and
prevalence of support local factors, including meteorological
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factors like wind speed etc. However, relatively smaller gains in
the improvement of air quality in Riyadh are correlated to the
imposition of milder lockdown and the predominance of natural
factors over the anthropogenic factors there.

The paper conveys the positive impact of lockdowns on air
quality in metropolitan cities. The gains are subject to many
factors, two of which have been established in the current study in
the form of the intensity of lockdown and prevalence and relative
strength of local meteorological and natural factors against their
anthropogenic counterparts.
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The implementation of a nationwide lockdown to curb the spread of COVID-19 disease
has reduced the loading of anthropogenic aerosols. However, AOD distribution over South
Asia during the lockdown period shows a dipole pattern: reduction over North Indian and
enhancement over the Myanmar region. This dipole pattern is evident in some datasets
(MODIS, MERRA, and CALIPSO). MODIS fire counts collocated with CALIPSO smoke
aerosols show enhancement over Myanmar indicating the contribution from fires.
However, over the North India region number of fires during the lockdown period are
less compared to climatology. Thus, the observed reduction in AOD is due to fires and
anthropogenic sources. Our analysis shows that aerosols originating from biomass
burning forms a layer (900-600hPa) over the Myanmar region that produces
atmospheric heating (0-2.8 K/day) that eventually leads to cloud dissipation/burning
(negative in-atmospheric cloud radiative forcing ~ —13W/m?) and precipitation
reduction (-1 to —4 mm) over Myanmar. In contrast, the aerosol reduction over North
India favors cloud formation, that is, increase in cloud cover and reduction in specific cloud
liquid water content leading to precipitation enhancement, indicating the anti-Twomey
effect.

Keywords: aerosols, clouds, biomass burning, radiative forcing, precipitation

1 INTRODUCTION

Clouds are critical in controlling Earth’s radiation budget, and aerosols are inherently a major
component of the clouds. Aerosols act as nuclei over which water vapor condense and form the cloud
droplet. An increase in anthropogenic activity has led to an increase in aerosol emissions at a global
scale, which led to an increase in cloud condensation nuclei (CCN) and ice nucleating particles (INP)
(Seinfeld et al., 2016). However, the increase in CCN does not lead to enhanced precipitation,
indicating complex microphysical processes affecting the precipitation (Koren et al., 2008; Bhawar
and Rahul, 2013). Previous studies reported an adverse effect of aerosol increase and thereby giant
CCN formation on precipitation (Posselt and Lohmann 2008). These studies elucidate that an
increase in aerosol loading (thereby CCN) leads to numerous smaller cloud droplets when these
aerosols interact with warm clouds (Twomey, 1977). Furthermore, with the increase in the droplet
number, the total droplet surface area also resulted in the higher scattering of sunlight to space
(Seinfeld et al., 2016). Aerosols participate in the cloud microphysical processes by acting as nuclei,
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leading to the increase in cloud droplet number concentration,
changes in the cloud drop sizes, and radiative properties of
clouds, well known as the Twomey effect (Twomey, 1977).
Thus, smaller cloud droplets reduce warm rain formation by
increasing cloud lifetime or dissipation of clouds (Albrecht,
1989). Thus, aerosol-cloud-radiation interaction causes
changes in temperature, moisture, and cloud water content,
which essentially changes cloud microphysical processes and,
in turn, affects the precipitation rates (Albrecht, 1989; Pincus and
Baker, 1994; Johnson and Onwuegbuzie, 2004). These complex
aerosol-cloud-interaction processes are not fully understood
(IPCC, 2013).

The complexity of aerosol-cloud-radiation effects on
precipitation is further convoluted by different types of
aerosols with varied impacts on the cloud droplet size, cloud
lifetime, and cloud radiative effects, especially over large
metropolitan regions (Zheng et al., 2020). Both natural and
anthropogenic forest fires have been affecting atmospheric
aerosol amounts for centuries. Fire aerosols affect local
weather by affecting the cloud microphysical properties,
serving as CCN or ice nuclei and consequently changing cloud
droplet sizes. Jones et al. (2007) reported that the increasing fire
aerosol emissions from the preindustrial period to the present day
had cooled global near-surface air temperatures by 0.258°C. The
fire aerosols decreased precipitation over excessive biomass
burning regions in Africa and South America (Tosca et al,
2013). Fire-emitted BC causes stratification in the troposphere
that inhibits convection and reduces precipitation (Ackerman
et al,, 2000; Andreae and Rosenfeld 2008). Fire aerosols also
suppress cloud formation and precipitation if black carbon is
embedded in the clouds (Feingold et al., 2005; Kaufman et al.,
2005).

Over South Asia, open crop burning during spring is a source
of enormous carbonaceous aerosols (Reddy et al, 2012; Song
et al,, 2012; Liu et al,, 2014; Zhang et al.,, 2015). These biomass
burring aerosols may suppress or enhance cloud fraction
depending on aerosol concentration (Koren et al., 2008; Li
et al., 2018). Biomass burning aerosols tend to enhance the
formation and lifetime of warm clouds and suppress high-level
clouds by reducing updrafts as part of the aerosol-cloud
interaction process (Lolli et al., 2019; Liu et al, 2020). Liu
et al, 2020 further reported that, in high biomass burning
aerosol loading conditions, aerosol-radiation interaction
dominates, which can cause a decrease in the occurrence
frequency and rate of precipitation. Wagh et al,, 2021 found
that the ice nuclei concentration during Delhi’s 2016-2017 winter
fog episodes was significantly correlated with black carbon.
Delhi’s fog episodes are caused by industrial, vehicular, and
biomass burning activities in the surrounding regions. Among
Asian countries, Myanmar is the largest hot spot of woodland
fires in spring (Biswas et al, 2015; Vadrevu et al, 2015).
Emissions from biomass burning in Southeast Asia have been
observed up to an altitude of 3 km (Lin et al., 2009).

The novel pandemic COVID-19 originated in China in
December 2019 and spread to Italy and Europe at the
beginning of 2020 (Lolli et al., 2020). The first reported case
in India was in January 2020. The pandemic outbreak spread very
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quickly (Paital, 2020; Singh and Chauhan, 2020). The Indian
government imposed what is called a “Janata curfew” (lockdown-
like situation) on 22 March 2020 and, later, a complete lockdown
between 25 March and 14 April 2020, which extended up to May
2020 (Singh and Chauhan, 2020; Fadnavis et al, 2021). The
implemented restrictions include a complete shutdown of
industries, public transport, and so on. These restrictions
helped curb the spread of COVID-19 to a large extent (Paital,
2020; Yunus et al., 2020). Different studies over the Indian region
showed a drastic reduction of aerosol loading over the North
Indian region (Jain and Sharma, 2020; Fadnavis et al.,, 2021;
Mishra and Rathore, 2021). However, biomass burning caused an
enhancement in AOD over central India (Bhawar et al., 2021).
The biomass burning aerosols formed a layer at altitudes 2-4 km
over Myanmar and produced heating of 3-4 K/day near the layer.
The biomass burning aerosol-induced heating may affect the
clouds and precipitation. Thus, during the COVID-19 lockdown
period (spring 2020), although there was a reduction in
anthropogenic aerosols, biomass burning fires may still be a
source of aerosols within South Asia, especially over central
India and Myanmar region that may affect the local clouds,
radiative effects, and precipitation. This study assesses the
impact of biomass burning aerosols on clouds, radiative
effects, and precipitation over two contrasting fire aerosol
loading regions (low over North India and high over
Myanmar) that formed a dipole structure within South Asia. It
is organized as follows: Section 2 describes the methodology and
data used in this study, Section 3 mentions the results and
discussions, and Section 4 summarizes and concludes the
main findings.

2 DATA METHODOLOGY

2.1 Satellite Data

2.1.1 Moderate Resolution Imaging
Spectroradiometer

Moderate Resolution Imaging Spectroradiometer (MODIS) is an
instrument onboard the polar-orbiting Earth Observation satellites
(EOS) Aqua/Terra that provides atmosphere, land, and cryosphere
products with equatorial crossing times of 10:30 and 13:30, local time
(Remer et al.,, 2005). MODIS provides the observations of aerosols
for more than 20 years during the cloud-free scenarios by measuring
radiances at 36 wavelengths from 0.41 to 14 pum with near-global
coverage every day. The uncertainties in MODIS aerosol product at
550 nm over land +(0.05 to +15%) and ocean +(0.03 to +5%)
respectively (Remer et al., 2008; Levy et al,, 2010) may be due to
the assumptions on surface reflectance, location, season, and aerosol
retrieval algorithm (Remer et al., 2005; Levy et al., 2010; Breon et al.,
2011). Herein, we used the level 3, C6.1, and gridded (1 x 1 degree)
aerosol optical depth (AOD) data from MODIS combined Dark
Target and Deep blue at 550 nm. The data can be downloaded from
https://giovanni.gsfc.nasa.gov/giovanni/.

2.1.2 The Cloud-Aerosol Lidar and Infrared Pathfinder
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) has been providing 3D aerosol and
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cloud observation globally with a 16-day repeating cycle crossing
the equator at 1:30 p.m and 1:30 a.m. (Ma et al,, 2012). Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) is the
primary instrument that profiles the cloud and aerosol layers at
two wavelengths of 1064 nm and 532 nm (linear depolarization is
derived from 532 nm) (Hunt et al., 2009). The lidar ratios are used
to retrieve aerosol extinction above clouds and below optically
thin clouds and in the cloud-free columns. In contrast, the optical
depth is measured from attenuated backscatter (Young and
Vaughan, 2009; King et al., 2018). This study uses CALIPSO
lidar level 2 version 4.10/4.20 standard aerosol profile product,
which represents near actual conditions. The extinction profiles
are used to derive AOD at 532 nm and gridded at 1 x 1 degree
resolution for the study period. The data were downloaded from
https://asdc.larc.nasa.gov/project/ CALIPSO (details available in
Bhawar et al., 2021). We analyzed CALIPSO observed elevated
smoke product. The smoke aerosols occurring above the
boundary layer are termed elevated layers (McGrath-Spangler
and Denning 2013; Kim et al., 2018).

2.2 Reanalysis Datasets

2.2.1 The Modern-Era Retrospective Analysis for
Research and Applications

We used the Modern-Era Retrospective Analysis for Research
and Applications (MERRA) reanalysis dataset based on the
Goddard Earth Observing System Data Analysis System,
version 5 (GEOS-5 DAS; Rienecker et al., 2011). MERRA uses
three-dimensional variational data assimilation (3DVAR)
analysis algorithm based on the Gridpoint Statistical
Interpolation scheme (Wu et al, 2002; Derber et al., 2003)
with a 6 h update cycle. The monthly mean AOD and cloud
fraction gridded on %" latitude x %" longitude, with 72 vertical
levels, from the surface to 0.01 hPa were analyzed here. The AOD
and cloud fraction data are available at https://giovanni.gsfc.nasa.
gov/giovanni/.

2.2.2 European Centre for Medium-Range Weather
Forecasting Reanalysis Version 5

We analyzed European Centre for Medium-Range Weather
Forecasting Reanalysis version 5 (ERA5) global model (Poli
et al., 2016). ERA5 analysis is produced at a 1-hour time step
advanced 4D-var assimilation scheme. It has a horizontal
resolution of approximately 30km (0.25° x 0.25°). In the
present work, ERA5 Cloud base height and specific cloud
water liquid content monthly data are used. Cloud water
liquid content data are analyzed for 37 pressure levels from
1,000 to 1 hPa. The above datasets are available at https://cds.
climate.copernicus.eu/cdsapp#!/dataset/.

2.3 Global Precipitation Measurement

The Global Precipitation Measurement GPM Level 3 IMERG
daily data at 10 x 10 km (GPM_3IMERGDF) derived from the
half-hour GPM_3IMERGHH are analyzed. The IMERG products
were downloaded from Giovanni—Time Averaged Map
(nasa.gov). The level-3 GPM product uses the algorithm Day-
1 U.S. multi-satellite precipitation estimation, which relies on
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three existing algorithms: TMPA, CMORPH, and PERSIANN
(Huffman et al., 2015).

All the datasets have been used for 2 months, April and May,
during the period from 2010 to 2020. The analysis is performed
for two regions: North India (22-30°N and 74-81°E) and
Myanmar region (12-25°N and 92-100°E).

2.4 Radiative Transfer Model

To evaluate the radiative effects of clouds over the whole
atmospheric column, we computed the heating rate (HR) and
the Cloud Radiative Effect both at the surface (SFC) and at the
top-of-the-atmosphere (TOA) through the Fu-Liou-Gu (FLG)
radiative transfer model (Fu and Liou, 1992; Fu and Liou, 1993;
Gu et al, 2003; Gu et al, 2011). The FLG model is a one-
dimensional plane-parallel model that needs the vertical profile
of the most common meteorological variables such as
temperature, pressure, and relative humidity as input, besides
the vertically resolved optical properties of the clouds obtained
from lidar observations. To correctly compute the radiative effect
of clouds concerning a pristine atmosphere (no clouds present,
Eq. 1), the Solar Zenith Angle (SZA), the vertical profile of ozone
concentration, the surface albedo, and emissivity are needed. The
FLG model computes the radiative calculations over 18 bands
covering both the spectrum of the shortwave (SW) solar radiation
and the outgoing longwave (LW) radiation.

CRE, HR = FLGTtlSky _ gy Pristine )

The FLG radiative transfer model has been recently used to
assess aerosol and cloud radiative properties over strategic
regions very sensitive to climate change (Bhawar et al., 2021)
or to retrieve the AOD using photovoltaic solar panels (Lolli,
2021). In those works, it is possible to find a very detailed
description of the FLG model and a discussion on the choice
of the above-cited variables.

3 RESULTS AND DISCUSSION

3.1 Variability in Fires and Aerosol Loading
Significant reduction in AOD over North India during the
COVID-19 lockdown period is quite visible in MODIS (-0.1,
~48%) and MERRA (-0.1, ~50%) data (Figure 1). This decrease
is associated with a reduction in anthropogenic emissions and
suppressed dust transport from the western region during 2020
(Fadnavis et al., 2021). Interestingly, there is a significant
reduction in AOD over the Northern Bay of Bengal region
(15-22°N) as seen in the MODIS (-0.1, ~50%) and MERRA
(-0.05, ~22%) data. The reduction in AOD in MERRA data is
lower in magnitude than the MODIS over the Bay of Bengal
region. Past studies have shown that, during the spring season,
large amounts of aerosols (BC, OC sulfate, and dust) are
transported from Indo-Gangetic Plain and Northeast India to
the North Bay of Bengal (Hsu et al., 2012; Thomas et al., 2021).
The COVID-19 lockdown restrictions have caused a reduction of
aerosol amounts over the Indo Gangetic plain and Northeast
India. Thus, their transport to the North Bay of Bengal region is
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FIGURE 1 | Spatial distribution of anomaly (2020-climatology) in aerosol optical depth (AOD) averaged for the lockdown period from (A) MODIS and (B) MERRA.
The white dots plotted on Figures (A,B) indicate a 99% significance level. Boxes in (A) and (B) indicate North India and Myanmar regions.
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also reduced in 2020 compared to climatology. In agreement with
our results, some past studies reported ~14%-30% decrease in
aerosol amounts (including absorbing aerosols) over the northern
Indian region that improved regional air quality (Muhammad
etal., 2020; Yunus et al., 2020; Pathakoti et al. (2021); Sanap 2021;
Mishra and Rathore, 2021). Figure 1 also shows an increase in
AOD over the eastern and central Indian regions as seen in
MODIS (~10%-25%) and MERRA data. Nevertheless, the
MERRA AOD increase is less predominant (~2%-5%). A
similar increase in AOD over the eastern and central Indian
region during the lockdown period is also reported by Bhawar
etal. (2021). This AOD enhancement was due to biomass burning
emissions (Bhawar et al, 2021). The AOD reduction over
Northern India of ~40% and increase in AOD over the central
Indian region by 0.1 (12%) seen in Figure 1 is in agreement with
Pandey and Vinoj (2021) and Bhawar et al. (2021). Figure 1 also
shows higher amounts of aerosols over the Myanmar region
(positive anomalies) in both the MODIS (~30%) and MERRA
(~22%) datasets. Thus, aerosol distribution in Figure 1 shows a
dipole-like structure: 1) reduction in aerosols (negative AOD
anomalies) over North India (longitude: 74°E to 84°E; latitude:
22-30°N) and 2) enhancement in AOD (positive AOD
anomalies) over the east India-Myanmar region (longitude:
92-110°E latitude: 12-25°N). These changes in aerosols during
the lockdown period may affect local clouds, radiative forcing,
and precipitation. We provide further insight on aerosols and
their effects on clouds, radiative forcing, and precipitation over
these two regions.

The enhanced aerosol amounts over Central India and
Myanmar regions seen in Figure 1 may be due to aerosols
emitted from fires. Large numbers of fires occur every spring
over the Myanmar region (Shi et al., 2014; Kaskaoutis et al., 2011).

We show fire anomaly during the lockdown in Figure 2A. It
shows positive anomalies over Myanmar and eastern and central
Indian regions. The spatial distribution of elevated smoke aerosol
anomaly from the CALIPSO measurements during April-May is
shown in Figure 2B. Positive anomalies in the elevated smoke
aerosol are observed over the eastern, central, and Myanmar
regions, coinciding with the fire anomalies seen in Figure 2A.
There is a large enhancement in smoke optical depth over the
Myanmar region by +0.04, whereas the North Indian region
shows a reduction by —0.01. This confirms that the observed
increase in AOD Myanmar and central Indian regions has been
caused by large amounts of fires. A past study shows that fires
emit smoke/carbonaceous aerosols peak in spring over the
Myanmar region (Chavan et al., 2021). It will be interesting to
observe the vertical structure of fire-emitted smoke. We show the
longitudinal vertical distribution of CALIPSO elevated smoke
aerosols and their anomalies over North India and Myanmar
regions.

3.2 Vertical Variability of Smoke Aerosols

and Specific Cloud Liquid Water Content

Further, we show vertical profiles of CALIPSO observed elevated
smoke aerosols over the central part of North India (22-30°N and
74-81°E) and Myanmar (12-25°N and 92-100°E) during the
lockdown period in Figure 3A. It shows that the elevated smoke
aerosols over the Myanmar region reach up to the height of
400 mb. In contrast, over the North Indian region, there is a small
enhancement of 700-670 hPa. The Myanmar region shows a peak
in the elevated smoke aerosol optical depth at 870 hPa, whereas
North India shows negative anomalies at this altitude. The aerosol
reduction over North India might have resulted in negative
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anomalies near 600 hPa. The small enhancement of elevated
smoke aerosols over North India is near 650 hPa. It may be
due to the aerosol advection from the nearby regions. The most
obvious feature is the enhanced amounts of elevated smoke
optical depths by 0.03 at levels 800-500 hPa over the
Myanmar region. This enhancement is 2.5 times higher than
that in North India.

To understand the association of enhanced/reduced aerosols
with clouds, we show the vertical distribution of specific cloud
liquid water content over North India and Myanmar regions in
Figure 4.

Figure 4 shows negative anomalies in specific cloud liquid
water content over the Myanmar region. It should be noted that
anomalies in elevated smoke aerosols are positive at the same

region, although altitude differs (Figure 3). Moreover, the vertical
distribution of specific cloud liquid water content and elevated
smoke aerosols over North India are opposite to the Myanmar
region (Figures 3, 4). The minimum altitude in cloud liquid water
content of 500 hPa and 900 hPa is at a higher level than the
maximum altitude in elevated smoke aerosols (750 hPa) in
Myanmar. It indicates that atmospheric heating by aerosol due
to aerosol-radiation interaction spread above and below the layer
of aerosols (Liu et al., 2020) that may be causing burning of low
(900 hPa) and high clouds (500 hPa).

In general, there is a decrease in specific cloud liquid water
content over the Myanmar region. It may be due to the increase in
the elevated smoke aerosols (Figure 3B), which may be causing
enhanced warming and suppression of low-level clouds through
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FIGURE 4 | Anomalous specific cloud liquid water content for the two
regions Myanmar (12-25°N and 92-100°E) and North India (22-30°N and
74-81°E) from the ERA data for the period of April-May. Horizontal lines in the
figure indicate standard deviation.

the radiative impacts (discussed in Section 3.4). It indicates the
role of aerosols in the cloud formation process. We investigate the
role of the Twomey effect; that is, aerosols act as cloud
condensation nuclei and lead to a greater number of smaller
cloud droplets in the presence of a constant amount of cloud
liquid water content (Twomey, 1977.) Figures 2—-4 show that the
Myanmar region is associated with a high amount of biomass
burning activity paired with high elevated smoke optical depths

Impact of Aerosols on Clouds

and negative cloud liquid water content, indicating that aerosols
contributed to smaller cloud droplet formation. In contrast, the
North Indian region is associated with lower elevated smoke
aerosols accompanied with enhancement in specific cloud liquid
water content, indicating larger cloud droplets and anti-Twomey
effect. The aerosol impact on cloud formation and consequently
on precipitation is still a challenge due to the complexity of
aerosols (Flossmann and Wobrock, 2019; Morrison et al., 2020).
Zhang et al. (2008) and Feingold et al. (2005) also showed that the
increase in biomass burning aerosols leads to reduced cloudiness,
which further stabilizes the boundary layer via surface cooling
and elevated heating. Thus, enhanced absorbing aerosols over the
Myanmar region have eventually dissipated the clouds (discussed
in Section 3.3).

3.3 Impact on Cloud Fraction
Figure 5A,B shows the total cloud fraction anomaly from
MODIS and MERRA during the lockdown period. It shows a
reduction in cloud fraction over Myanmar —10% (-0.1) and
enhancement over North India +10% (+0.1) in MODIS and
MERRA. The high aerosol loading region over Myanmar is
collocated with a negative cloud fraction anomaly. Huang
et al,, 2019 showed that biomass burning aerosols reaching ~
2km altitudes absorb solar radiation and evaporate cloud
droplets, reducing LWC, IWC, and cloud cover (decrease by
7%). In contrast, over the North Indian region, positive anomalies
of cloud fraction are collocated with negative AOD anomalies.
Figures 1-5 indicate that the carbonaceous aerosols, emitted
from biomass burning, might have suppressed local cloud
fraction. Changes in aerosols affect the radiative forcing and
therefore the atmosphere dynamics that, in turn, cause aerosol
redistribution. Thus, aerosols produce feedback on dynamics and
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vice versa. Therefore, observed changes in cloud fraction may be
the combined impact of carbonaceous aerosols and changes in
dynamics. The high amount of biomass burning aerosols results
in an increased amount of INP (Levin et al., 2016; Jahn et al.,
2020). However, such analysis is out of the scope of this study.
The impact of the suppressed/enhanced cloud fraction may affect
the regional rainfall.

3.4 Heating Rate, Radiative Forcing, and

Precipitation

Biomass burning aerosols are an important part of the Earth-
atmosphere radiative budget. Absorbing the incoming solar
radiation with consequent warming of the atmospheric layer,
they cool the surface (Li et al., 2017; Zhang et al., 2020; Fadnavis
etal., 2019). The lockdown of April-May 2020 was characterized
by a higher number of fires over the Myanmar region and a lower
number of fires over the North Indian region. It led to a
differential biomass burning aerosol loading over these regions
that might have affected heating and radiations. Figure 6A shows
the anomaly of the heating rate profile for the elevated smoke
aerosols observed by CALIPSO. The heating rate profiles over the
Myanmar region show a significantly high amount of heating

~0.05-2.8 K/day in the levels from 900 to 600 hPa, whereas the
North Indian region shows a small amount of heating
~0.05-0.2 K/day in the levels from 700 to 650 hPa. The strong
heating in the Myanmar region coincides with the presence of
elevated smoke aerosols. The North Indian region shows negative
or no heating below 700 hPa during the lockdown period because
of the absence of fires and anthropogenic aerosols, which used to
otherwise contribute to heating. This high amount of heating may
be responsible for cloud dissipation, affecting the precipitation
over the Myanmar region. Figures 6B,C show the radiative
forcing anomaly due to elevated smoke aerosols averaged for
the lockdown period over the North Indian and Myanmar
regions. It shows warming of ~2.17 W/m® the TOA over the
Myanmar region and a slight cooling of ~0.01 W/m? over the
North Indian region. The surface radiative forcing also shows
slight warming of +0.19 W/m” over the North Indian region,
which may be due to improved air quality and more solar
radiation reaching the surface during the lockdown period.
The surface radiative forcing over the Myanmar region
showed a cooling of ~15.89 W/m* due to the presence of an
elevated smoke layer over the region. This accounts for the
atmospheric warming of ~18.06 W/m* over the Myanmar
region but an atmospheric cooling of ~0.2 W/m?® over the
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FIGURE 7 | GPM rainfall anomaly (2020-climatology) for the lockdown
period of April-May. White dots indicate a 99% significance level. Boxes
indicate North India and Myanmar regions.

North India region. This high atmospheric heating affects the
cloud formation process and the stability of the atmosphere.
Previous studies also showed warming in the TOA and cooling at
the surface due to black carbon aerosols (Babu et al., 2002; Nair
et al,, 2017). The high surface cooling and atmospheric warming
due to elevated smoke aerosols caused the burning of clouds and
suppression of the precipitation. However, small surface warming
due to less elevated smoke aerosols over the North Indian region
might have caused an increase in liquid water content (as seen in
Figure 4) to form clouds, giving rise to the enhanced
precipitation over the North Indian region (see Figure 7).
Figure 6C indicates cloud radiative forcing anomaly averaged
for the lockdown period over the two regions. The North Indian
region shows negative radiative forcing of ~7.78 W/m?> at the
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TOA and ~21.72W/m® at the surface, —13.98 W/m* in
atmosphere (TOA—surface) due to clouds. Myanmar regions
show positive radiative forcing of ~7.84 W/m*> at TOA and
~19.99 W/m® at the surface, and negative ~ —12.51 W/m?> in
atmosphere due to clouds. Thus, high atmospheric cloud
warming (~+14 W/m?) over the North Indian region may be
conducive for rain formation processes in contrast to cloud
atmospheric cooling (~—13 W/m?) over the Myanmar region.

Figure 7 indicates the GPM rainfall anomaly for the
lockdown period. An increase in the elevated smoke
aerosols over the Myanmar region inhibited the cloud
formation process leading to a high number of smaller
cloud droplets, thereby suppressing rainfall over the
Myanmar region. The North Indian region shows a
reduction in elevated smoke during the lockdown period.
The aerosol reduction has enhanced the cloud formation
process resulting in enhanced rainfall over the North Indian
region. In agreement with our results, Bhawar and Rahul 2013
showed that the absorbing aerosols had enhanced the
microphysical and radiative effect, which reduced the cloud
fraction by almost 30% and might have contributed to the
drought-like conditions in the year 2009. It should be noted
that the anomalies of cloud and rainfall might have been
influenced by other drivers, such as convection and
dynamics. As aerosols and these atmospheric drivers
provide feedback on each other, the anomalies of cloud
cover, atmospheric heating, and radiative forcing at the
surface, rainfall, and so on agree with previous studies
(Table 1).

4 CONCLUSION

This study explores variability in aerosols and clouds over South
Asia using multiple datasets (MODIS, MERRA, CALIPSO, and
ERA-5) during the COVID lockdown period (April-May 2020).
Our analysis shows that the distribution of AOD with South Asia
shows a dipole pattern, that is, an enhancement over Myanmar
and reduction over North India, although there was a reduction
in anthropogenic aerosols due to lockdown restriction. MODIS
fire count, along with CALIPSO elevated smoke data, shows that
aerosol enhancement (reduction) over the Myanmar region
(North India) is due to enhancement (reduction) in fires
during the lockdown period compared to climatology
(10years). The smoke aerosol formed a layer over the
Myanmar region (900-600 hPa with a peak at 750 hPa). They

TABLE 1 | A comparison of cloud cover, atmospheric heating, radiative forcing at the surface and rainfall with previous studies.

Sr. No. Result

1 Cloud cover decreased by 7%

2 Atmospheric heating rate 4 K/day

3 Radiative forcing at the surface —42.76 W/m? over Myanmar region
Surface radiative forcing of —30 to —40 W/m?

4 Decrease in domain average rainfall by 25%

Reduction in precipitation by 23%
Precipitation reduces by 1.09 mm/day

Huang et al. (2019)
Ningombam et al. (2020)
Singh et al. (2020)
Mallet et al. (2020)
Hodzic and Duvel (2018)
Liu et al. (2020)

Huang et al. (2019)

Reference Our finding

Cloud fraction decreased by 10%
Atmospheric heating of ~2.8 K/day
Surface radiative forcing —15.89 W/m? over Myanmar region

Precipitation reduces by 29%

Precipitation reduces by 1-4 mm
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produced atmospheric heating of 0-2.8 K/day leading to in-
atmospheric warming of (radiative forcing ~18.06 W/m?> and
cooling of the surface (~15.89 W/m?). This region is associated
with a reduction in cloud cover and precipitation (-1 to —4 mm),
indicating cloud dissipation/burning by the heating due to the
smoke aerosols. The North Indian region is associated with an
increase in cloud cover, a decrease in cloud liquid water content,
and an enhancement in precipitation. Thus, reduction in aerosol
over North India might have enhanced precipitation via the anti-
Twomey effect. The clouds over North India have produced
radiative forcing ~-21.72 W/m” at the surface and ~-7.78 W/
m” at the TOA and ~ +14 W/m® in the atmosphere. Although
other factors contribute to precipitation processes, for example,
moisture convergence, temperature gradient, low-pressure zone,
and convective process (Levy et al., 2013; Gryspeerdt et al., 2020;
Guo et al., 2020; Liu et al.,, 2020; Lolli and Vivone, 2020), this
study provides a clear signature of cloud dissipation/burning by
the smoke aerosol over the Myanmar region leading to
precipitation reduction. Also, the anti-Twomey effect due to
aerosol reduction over North India led to precipitation
enhancement during the lockdown period. It should be noted
that the anomalies of cloud and rainfall might have been
influenced by other drivers such as convection and dynamics.
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In this study, we investigate the temporal variations in columnar aerosol pollutants and their
possible association with the simultaneously measured black carbon (BC) aerosol mass
concentration and associated biomass burning (BB) over urban (Delhi) and rural
(Panchgaon) sites during the lockdown phases of the COVID-19 pandemic. We also
show the impact of lockdown measures on boundary layer ozone and its primary
precursors, NO,, and water vapor (H,O), potent greenhouse gases that destroy
protective ozone. For this purpose, we used multiple datasets, namely, black carbon
(BC) aerosol mass concentration and biomass burning (BB) aerosols using an
aethalometer at Amity University Haryana (AUH), Panchgaon, India, and satellite
retrievals from NASA’s MODIS and OMI at both the stations. The analysis was
conducted during the pre-lockdown period (1-25 March), lockdown 1st phase (25
March-14 April), lockdown 2nd phase (15 April-3 May), lockdown 3rd phase (4-17
May), lockdown 4th phase (18-31 May), and post-lockdown (1-30 June) period in 2020.
Our diagnostic analysis shows a substantial reduction in AOD (Delhi: —20% to —-80%,
Panchgaon: —20% to —80%) and NO, (Delhi: —10% to —42.03%, Panchgaon —10% to
—46.54%) in comparison with climatology (2010-2019) during all four phases of lockdown.
The reduction in AOD is attributed to lockdown measures and less transport of dust from
west Asia than climatology. Despite a reduction in NO,, there is an increase in the ozone
amount (Delhi: 1% to 8% and Panchgaon: 1% to 10%) during lockdown |, II, and lll phases.
The observed enhancement in ozone may be resultant from the complex photochemical
processes that involve the presence of NO,, CO, volatile organic compounds (VOCs), and
water vapor. The reduction in AOD and NO, and enhancement in ozone are stronger at the
rural site, Panchgaon than that at the urban site, Delhi.
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INTRODUCTION

The novel coronavirus first detected in late December 2019 in
Wuhan, China, has eventually become a deadly virus, which is
highly transmissible, along with a high mortality rate (Suresh
et al., 2020). Due to its rapid spread and deadly nature, several
people were affected within a month (Bull et al., 2020; He et al,,
2020); it is considered as one of the major disasters, which has
affected the whole world. In early March 2020, the World Health
Organization (WHO) named the coronavirus as COVID-19 and
declared this COVID-19 as a pandemic. After the outbreak of this
COVID-19, it affected the world in a gradual manner
(Raibhandari et al., 2020) mainly through cross-border travels.
As the numbers of COVID-19 cases were increasing, the Prime
Minister of India asked all citizens across the country to observe a
14-h public curfew on 22 March 2020. Following this, the
government of India ordered a complete nationwide lockdown
for 21 days, starting from midnight of 24 March 2020. To handle
the worsening of the pandemic in the country, the government
urged the Indian states and citizens to strictly follow the social
distancing measures as a preventive strategy (https://www.mha.
gov.in/).

After detecting the cases of COVID-19 in late January 2020
in India, the COVID-19 was found significantly spared in
various states of India. According to the Ministry of Health
and Family Welfare (MoHFW), present situation on 13 October
2020, total infected cases were 35,985,920, mortality was
450,963, and the recovery cases of 33,320,057 were reported
in entire India on https://www.mygov.in/covid-19/, translating
into a case fatality rate of 1.33% (MoHFW, 2020). Maharashtra,
Tamil Nadu, Delhi, and Gujarat reported 50% of India’s cases,
and the number of cases increased in the northeast states. In
order to respond to this novel threat and to limit the spread of a
virus, the Indian government has taken various precautionary
measures, such as large scale COVID-19 screening tests,
quarantine, social distancing, wearing of a mask, and
sanitization of hands. Furthermore, considering the
seriousness of the disease, the measures were taken to impose
a nationwide lockdown in entire India, which was not the case
for other countries (Rimesh and Urmila, 2020).

Tocontrol the transmission of COVID-19 and to measure the
outcome from the precautionary measures, initially, on 22 March
2020 a 1-day Janata (people’s) curfew, followed by a 21-day
nationwide lockdown (25 March 2020 to 14 April 2020:
lockdown phase (LDP)-1) was announced and thereafter in
succession LDP-II: 15 April to 3 May 2020, LDP-II: 4 May to
17 May 2020, and LDP-IV: 18 May to 31 May 2020 have been
imposed. As a result, many industries, transport, economic, and
social activity were shut down. After that, to restart the economy,
two unlock phases have also been announced, respectively, on
ULP-I: 1 June 2020 to 30 June 2020, and ULP-II: 1 July 2020 to 31
July 2020. These various lockdown phases reduced the mortality
rate of COVID-19, improved the environment and air quality in
the country. Various researchers from the world have focused on
finding the effects of COVID-19 lockdown on the atmosphere.
Recent studies have reported the improvement in air quality due
to restrictions placed during the lockdown.

Lockdown Features of Pollution During COVID-19

Research from other countries, namely, Germany, France,
Italy, and Spain, reported a drastic decrease in concentration
levels of GHGs, NO,, PM, s, and PM,, but spikes in ozone
concentration. The researchers, all over the world, have
indicated a significant reduction in greenhouse gases, PM,
PM, s, CO, NO, NO,, NH;, NOx, and SO, concentrations
dropped during the lockdown period (for example, Devara
et al, 2020). Ghosh and Ghosh (2020), Srivastava (2020)
reviewed various studies and concluded the improvement in
the air quality due to lockdown. Gautam (2020a), Fadnavis
et al. (2021) analyzed NO, data, derived from the satellite
(Sentinel-5P) and reported a significant reduction in Asian
(Kanniah et al., 2020) and European countries. In another
study, Gautam (2020b) analyzed the data from the National
Aeronautics and Space Administration (NASA) and reported a
50% reduction in the air quality of the Indian region. Gupta et al.
(2020) reported a reduction in the concentration of that
influenced the a in 40 pg/m3 in particulate matter (PM, s and
10 ppm in CO over New Delhi, India. Mahato et al. (2020)
reported a 40-50% improvement in the air quality over New
Delhi. Jain and Sharma (2020) reported a ~30-80% reduction in
pollutants levels in all the major cities of India. Bera et al. (2020)
found a positive correlation between PM, s and the lethality
related to COVID-19 in Kolkata. Ranjan et al. (2020), Ranjan
et al. (2021) reported from their studies of aerosol optical depth
(AOD) using MODIS data, a 45% reduction in AOD during the
lockdown period as compared to 19-year (2000-2019) AOD
long-term mean.

The northern part of India normally experiences a poor air
quality and high levels of atmospheric pollution due to various
reasons, such as vehicular emissions, industrial activity, brick-
kilns, and crop-residue burning (Singh et al., 2004; Prasad et al,,
2006; Srivastava et al., 2021). Correlations between deviations in
different pollutant mass concentrations, the spread of COVID-
19, social distancing, indoor pollution, trends in morbidity, and
mortality during 2020 have been derived from studies of air
pollution and synchronous local and long-range meteorological
parameters (Devara et al., 2020, 2021).

During this complete lockdown, there was an improvement in
the air quality and a reduction in pollutant parameters in this area
too (Sonbawne et al,, 2021). The present study deals with such
pollution scenarios, lockdown episodes in Panchgaon (Manesar)
and New Delhi (Noida), situated about 50 km apart in the
northern part of India.

DATA AND METHODOLOGY
MODIS Satellite Measurements

The moderate-resolution imaging spectroradiometer (MODIS) is
a scientific instrument (radiometer) onboarded the NASA Terra
and Aqua satellite platforms. Both Terra and Aqua satellite
platforms were launched in 1999 and 2002, respectively. These
instruments offer a look at terrestrial, atmospheric, and ocean
phenomenology for a wide and various communities of users
throughout the world. Terra and Aqua satellites with MODIS
instruments attached fly on the sun-synchronous orbits at
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705 km altitude and pass over the same spot of the Earth at
about the same local time every day, that is, 10:30 a.m. in the
case of Terra and 1:30 p.m. for Aqua. MODIS measures reflected
solar and emitted thermal radiation in a total of 36 bands
ranging at a wavelength from 0.4 to 14.4 um and at varying
spatial resolutions (2 bands at 250 m, 5 bands at 500 m, and 29
bands at 1 km).

The MODIS radiance data are inverted into nearly 40
different products having applications in various fields of
considerable interest and importance in the Earth’s system to
study global dynamics of the Earth’s atmosphere, land, ice,
clouds, and oceans (for example, King et al,, 1999; Devara,
2017; Zambrano-Monserrate et al., 2020). In this study, a deep
blue product of AOD at 550 nm and water vapor observations
were used.

OMI Satellite Measurements

The ozone monitoring instrument (OMI) was launched in 2004
on a 705 km sun-synchronous polar orbit on the AURA satellite
with an ascending node equator crossing time of 1:45 p.m. The
OMI measures the solar radiation backscattered by the Earth’s
atmosphere and surface over the entire wavelength range from
270 to 500 nm with a spectral resolution of about 0.5 nm. The
wavelength ranges (ultraviolet: 270-365nm and visible:
365-500 nm) are used to retrieve total column gases such as
O; and NO,. Furthermore, OMI gives ultraviolet aerosol index
(AI) parameters (Torres et al., 2007). NO,, ozone, and Al data
were used for OMI version 3 data, which has daily temporal with
a minimum grid of 0.25 x 0.25 spatial resolution. However, for
the anomaly study, we have considered a grid of 1 x 1. The details
of the OMI data and retrieval methods can be found in Krotkov
etal. (2019). The data are downloaded using the NASA Giovanni
portal (https://giovanni.gsfc.nasa.gov/).

Aethalometer Measurements

The aethalometer used in the present study is an advanced (next-
generation) multi-beam instrument, being operated at AUH,
Panchgaon, in collaboration with IITM, Pune, for the 24 x 7
measurement of black carbon (BC) aerosol mass concentration
and biomass burning (Sonbawne et al., 2021). This instrument
uses the latest “Dual Spot” technology that eliminates data
contamination due to filter loading (Drinovec et al, 2015) A
unique feature of this instrument is that it provides a
simultaneous measurement of biomass burning (BB)
contribution (in percentage) to the measured BC mass
concentration (ugm~>). The seven operating wavelengths
permit the identification of biomass emissions. More details of
the instrument and its wide applications to the studies of
carbonaceous (most absorbing) aerosol influence on human
health and climate have been reported in the literature (for
example, Bond et al., 2013; Devara et al, 2017; Dumbka et al,
2019; Sonbawne et al., 2021).

The total column aerosol optical depth (AOD), from MODIS,
and columnar AI (aerosol index, representative of columnar
aerosol size distribution) and water vapor; total column ozone
(TCO) and total column nitrogen dioxide from OMI during the
period from 01 March to 30 June 2020, which encompasses the

Lockdown Features of Pollution During COVID-19

pre-lockdown (1-24 March), phase I (25 March-14 April), phase
II (15 April-3 May), phase III (4-17 May), phase IV (18-31 May),
and post-lockdown (1-30 June) periods have been retrieved. The
simultaneous ground-based data using an aethalometer at
370 nm (brown carbon or wood-burning aerosol emissions)
and at 880 nm (black carbon emissions from the burning of
fossil fuel) have also been archived. These datasets have been
analyzed to examine the inter-relationship between the pollutant
variations and their resultant influence at two contrasting
locations, one situated in the urban and the other in the rural
environment, during different lockdown phases of COVID-19. It
may be noted here that the norms introduced by the government
during different phases affected the pollution levels in different
manners (Chen et al,, 2020). During phase I, nearly all the
industrial and mass transportation suspended
immediately except for some of the essential services. During
phase II, conditional relaxation was imposed in the regions where
the spread of COVID-19 had been slowed down. During phase
II1, conditional relaxation continued, and the entire country has
been split into three zones as red zone (higher cases), orange zone
(lower cases than the red zone), and green zone (no case in the
past 21 days). Normal public movement is permitted in the green
zones. Red zones were further divided into the “containment” and
“buffer” zones and the local bodies were given the authority for
this demarcation.

We estimate anomalies (daily values in 2020 minus daily
climatology) of AOD, AI, H,O, NO,, and O;. The daily
climatology is obtained for the period 2010-2019 for all the
species. Since biases are the same in observations in 2020 and
climatology, the anomaly is benefited by the removal of
systematic biases and examining the variations in relative
NO,, O3, Al, H,0O, and AOD in 2020. The anomalies of NO,,
O3, AL, and AOD represent reduction due to anthropogenic
activities during the COVID-19 lockdown period, while
anomalies of H,O are mainly due to meteorology.

were

Trajectory Analysis
An approach to merge trajectories (driven by HYSPLIT) that are
near each other and represent those groups, called clusters, by
their mean trajectory (Su et al, 2015). Differences between
trajectories within a cluster are minimized, while differences
between clusters are maximized (Srivastava et al, 2021).
Computationally, trajectories are combined until the total
variance of the individual trajectories about their cluster mean
starts to increase. Cluster analysis is a multivariate statistical
technique increasingly used in air pollution research. This
method involves splitting the data set into a number of groups
that need to be as homogenous and as distinctly different from
each other as possible. Generally, the result of the application of
the cluster analysis technique to air trajectories is similar to a flow
climatology in which trajectories are classified into groups
according to certain criteria, but cluster analysis is more
objective, and it accounts for variation in transport speed and
direction simultaneously, yielding clusters of trajectories, which
have similar length and curvature (Harris and Kahl, 1990).

In order to examine the sources that are responsible for the air
masses at the study location (Panchgaon, a rural site in the
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FIGURE 1 | (A) Daily variation in total column nitrogen dioxide (NO,) (*1 0'® molecule/cm?) obtained from OMI satellite retrievals at New Delhi and Panchgaon, (B)
same as (A) but for anomalies (2020 minus climatology). Climatology is obtained for the period 2010-2019.

present case), cluster mean backward trajectories at the optimum
level and the associated TSV (total spatial variance, in percent)
during each phase of lockdown were calculated for the pre-
lockdown, phases I, II, III, and IV, and post-lockdown periods.
When the clustering is completed, the program calculates the
total spatial variance (TSV) as the trajectories are merged into one
cluster. In this study, the TSV is a measure of the degree to which
the chosen clusters fit the data (Harris and Kahl, 1990; Draxler
et al., 2020). In the present case, the change in TSV variance for
only the last 30 clusters is considered. The maximum number of
clusters in each case varied from two to three, and they are
marked by red, dark blue, and green, respectively, for 1st, 2nd,
and 3rd clusters. A Supplementary File, covering the details of
the experimental location and the results of TSV analysis, is given
separately.

RESULTS AND DISCUSSION

Variations in NO, in Delhi and Panchgaon
The daily variation of total column nitrogen dioxide (expressed in
10" molecules/square centimeter) during the pre-lockdown;
phases I, II, III, and IV; and post-lockdown periods over New
Delhi and Panchgaon is plotted in Figure 1A. The most striking
feature that can be seen from Figure 1A is that the NO, values
over the urban station, New Delhi, are almost the double of the
rural station, Panchgaon, throughout the study period. Figure 1B
shows anomalies in NO, at these two stations during the study
period. It shows a reduction in NO, column during phase I
compared to the pre-lockdown period by -54% (5.4-2.5 x
10" mol/cm?) in Delhi and —=59% (9.2-3.2 x 10'° mol/cm?) at
Panchgaon. This indicates a clear signal of reduced
anthropogenic activity during the lockdown that has reduced
the NO, column at both stations. The reduction at Panchgaon is
higher than that at New Delhi by 3-10%.

Figure 1B shows an increasing trend in NOx during lockdown
to the post-lockdown period at both stations. This could be due to
relaxing the strict measures and slowly opening of the economy.

However, an average reduction in NOx is by 42.03% in Delhi and
by 46.54% at Panchgaon during phase I to IV lockdown periods.
The positive anomaly in the pre-lockdown and post-lockdown
period suggests the contribution from the anthropogenic activity
that was restricted in the COVID lockdown. Previous studies
have also reported a reduction in NO, over North India (in Delhi:
—52.68% during phase I-II, by Mahato et al., 2020, at Lucknow:
—54% during phase I, by Karuppasamy et al., 2020). These results
agree with our findings. More importantly, New Delhi, the capital
of India, showed less decrease in NOx compared to Panchgaon.
Otbher stations in India also showed a reduction in NO, (Mumbai-
43.08%, Gandhinagar- 45.64%, Bangalore- 48.25%, and Nagpur
46.13%) (Vedrevu et al., 2020; Singh and Chauhan, 2020).

Variations in Total Column Ozone (TCO) at

New Delhi and Panchgaon

The daily mean variations in total column ozone (TCO) in
Dobson Unit (DU), over New Delhi and Panchgaon during
the pre-lockdown; lockdown phases I, II, III, and IV; and
post-lockdown periods are compared in Figure 2. It shows
that most of the time the TCO values over New Delhi are
larger than Panchgaon during the study periods.

Figure 2A shows a decrease in ozone amounts during
lockdown periods in comparison to pre-lockdown phase I by
342 to 270 DU in Delhi and 334 to 274 DU at Panchgaon. The
ozone concentration shows a decreasing trend over the period
covering pre-lockdown to post-lockdown. Furthermore, we show
ozone anomalies during the study period in Figure 2B. Its shows,
positive anomalies during pre-lockdown to phase III with the
range of ~+12% to +1%, this indicates that ozone concentrations
at both stations are higher than the climatology, while ozone
anomalies are negative anomalies during phase IV and in the
post-lockdown period. This indicates that ozone amounts are less
than the climatology during phase IV and in the post-lockdown
period.

The positive anomalies of ozone during the pre-lockdown
period may be due to a reduction in NO, (negative anomalies in
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FIGURE 2 | (A) Dalily variation in total column ozone (Og) (DU) obtained from OMI satellite retrievals at New Delhi and Panchgaon, (B) same as (A) but for anomalies
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for phase-IV and post-lockdown) during the same time at New
Delhi and Panchgaon stations. A decrease in NO, has reduced O;
destruction via the NO titration cycle that led to more ozone
amounts. Ozone photochemistry is also affected by solar
radiation. The reduction of aerosol pollution during the
lockdown has increased the solar radiation reaching the
ground (Devara et al,, 2019; Fadnavis et al., 2019) that might
have accelerated ozone formation. A feature of increase in ozone
emphasizes the complex O; chemistry. The variation in other
ozone precursors, for example, CO, volatile organic compounds
and meteorological variability and solar irradiance (cloudiness)
plays an important role in ozone heterogeneous chemistry
(Sillman et al, 1990) under significant aerosol reduction
conditions (Shi and Brasseur, 2020). Our results are also in
agreement with the reported reduction in ozone by 36%
during phase-I by Girach et al. (2021) and also with the other
studies (Mahato et al., 2020; Soni et al., 2021; Dhaka et al., 2020;
Singh et al.,, 2020).

Variations in Total Column Water Vapor
(TCW) at New Delhi and Panchgaon

The daily mean variations in total column water vapor (TCW, in
cm), derived from MODIS over New Delhi and Panchgaon are
compared in Figure 3A. It is clear from the figure that TCW
shows an increasing trend at both study sites. Furthermore, TCW
values over New Delhi exhibit almost close to those over
Panchgaon during the study period, while it varied from 1.10
t0 6.62 cm for New Delhi and from 1.13 to 5.96 cm for Panchgaon
during the pre-lockdown period. Phase II, III, and IV periods
show the TCW values are slightly higher than those in phase I
However, these values are higher than those of the pre-lockdown
period. The increase in the total column water content could also
partly be due to the increase in ground-level temperature and
change in local meteorological conditions. Increasing water vapor
leads to a cooling of the stratosphere and modifies stratospheric
chemical processes. Thus, the cooling of the stratosphere leads to
stratospheric ozone depletion processes (Tian et al., 2009).

Frontiers in Environmental Science | www.frontiersin.org

18

April 2022 | Volume 10 | Article 826799


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Sonbawne et al.

Lockdown Features of Pollution During COVID-19

A
300 —o— New Delhi  —s— Panchgaon
T ] pre- Lockdown Periods Post
= 175 Lockdown Phase Phase Phase Phase Lockdown
£1.50 1 (] m 1w
=] !
E 1.25
£
2.1.00
=]
2 0.75 y 1
g ; .
=] s 3
£ 0.50 k, 2
e
0.25 e 3 3 R
Unﬂ =
04— 1 1T T T T T I I I I T I L1
L — I — I — T — T — I — B — R — R — I — I — I — T — I — I — B — I —)
L o o B o O O SO o B o Y o O O N o N o N o N O o B K o |
F— I — I — I — T — T — I — S — B — B — N — I — B — I — I — A — A — )
BT T T T s VLT R T 3 e T e T e T
e ooh n N 'e] <R 1]
ddstekd e i d i b aig
E—I IR R o B B s I T T o B o T B o B o |
Dates

B @ % - Delhi == 10pt. Running Ave_Delhi
v % - Panchgoan —— 10pt Running Ave_Panchgoan

< Pre- | Lockdown Periods " Post- T

40+ T N e [

£ ILockdown ‘ ®Phase &Phaset Phase Phase Lockdown

& J

220, ° 1 moIg v *

£ o] 1 :

) 0

2204 .

g J .

c-40 . .

< ] e % e 4

§-60— . R
& B A A A A A A PP
N R R - e B s ]
0 00 0 00000000000 O
o gl ool o o o el ol o o
R R - - - B e IR e I I )
IR LeEL
™ 0O DN D WD N OO M O N~ T M T 0
OO0 = AN N O = = NO = NM»OS «~ NN

Dates

FIGURE 4 | (A) Daily variation in total column aerosol optical depth (AOD) obtained from MODIS satellite retrievals at New Delhi and Panchgaon, (B) same as (A) but
for anomalies (2020 minus climatology). Climatology is obtained for the period 2010-2019.

On the whole, the variations in ozone/water vapor over both
locations are found to be well correlated throughout the study
period; and they exhibited a monotonic decreasing/increasing
trend, which coincides with the fact that the increase in the water
vapor content reduces the ozone content, as mentioned before.
The variations in TCW during different phases of lockdown are
attributed to the relaxations imposed by the government. Thus,
the variations in TCW (affected by net radiation) are found to be
unique as compared to those of other pollutants at both study
regions.

The anomalies computed for MODIS-derived TCW over
both study regions are also plotted in Figure 3B. Although
the scatter is more in the anomaly, the values are almost
coincident, except at the end-stage of the transition between
pre-COVID and lockdown phase I over both study regions.
Moreover, the TCW anomaly values are larger and positive
during the pre-COVID than those in the post-COVID period.
Overall, positive values during pre-, I, IV, and post-lockdown,
and negative during I and III lockdown periods were shown.
These variations could partly be due to the heterogeneous
lockdown policy, involving strict and relaxed structures.
During the lockdown period, because of the absence of
anthropogenic activity, most of the solar radiation reaches
the Earth’s surface and hence there was an increase in
ground level temperature which in turn causes warmer
climate (Vargas et al., 2019). The warmer climate at the
surface enhances the stratospheric water vapor. It may be
mentioned here that, as explained before, the reduction in
AOD during the phase I may be due to the combination of
unusual rain and also due to the restrictions imposed by the
government.

Variations in AOD in Delhi and Panchgaon
The daily mean variations in aerosol optical depth (AOD) from
MODIS during pre-, I, II, III, and IV, and post-lockdown
periods at New Delhi (28.35 N, 77.12 E, ~ 215 m amsl), and
Panchgaon (28.32 N, 76.92 E, 285 m amsl) stations are shown in
Figure 4. In general, Figure 4A shows higher AODs at New

Delhi than Panchgaon during the study period. There is a
reduction in AOD during lockdown phase I in Delhi (by 0.54
to 0.15) and Panchgaon (by 0.65 to 0.42) due to the lockdown
restrictions imposed by the government. The AOD increase
during phase I to the post-lockdown period indicates an
increasing trend. The observed increase in AOD at these
stations is associated with the partial opening of the
economy during phases II, III, and IV. During these phases,
the transportation continued to play a significant role since
industrial, construction, and economical activities were active.
During the post-lockdown phase, AOD values at New Delhi
shoot up to 0.50 to 1.50 and at Panchgaon 0.1 to 1.50. These
nearly doubled as compared to that during the pre-lockdown
period.

Furthermore, we show anomalies of MODIS AOD in
Figure 4B, over the New Delhi and Panchgaon obtained as
the difference between the daily values of March to June 2020
with respect to climatology. It shows a sharp reduction in AOD by
the same amount over New Delhi and Panchgaon (-20% to
—80%) during phase 1. But in phase II MODIS AOD shows a
positive anomaly (5% to 30%). The increase in AOD compared to
climatology is due to the higher amount of fires in the vicinity of
both the stations. Furthermore, in phase III, IV AOD anomaly is
negative over New Delhi (—10% to —40%) and Panchgaon (-10%
to —40%). Earlier studies also showed that there is a reduction in
AOD during the COVID-19 period over North India (e.g., Ranjan
etal., 2020; Fadnavis et al., 2021; Ranjan et al., 2021), which agree
with the present work.

Variations in Aerosol Index (Al) in Delhi and

Panchgaon

The OMI aerosol index (AI) is an indicator of aerosol size
distribution that has been deduced from the spectral
dependence of AOD observations on each day. We
analyzed the OMI aerosol index (AI) over New Delhi and
Panchgaon during the pre-lockdown, lockdown phase I, II,
III, and IV, and post-lockdown period. Figure 5A shows day-
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FIGURE 6 | Day-to-day marching of BC mass concentration and BB % obtained using multi-spectral asthalometer measurements (A) at 370 nm, (B) 880 nm, and

to-day variation and Figure 5B anomaly of AL It is clear from
the figure that, overall, the AI values for Panchgaon (rural
station) are larger (smaller size particles) and smaller (bigger
particles) at New Delhi (Urban station). In general Al values
are less than 1 at both stations indicating the presence of
anthropogenic aerosols. The anomalies in AI (Figure 5B)
show positive anomalies in the pre-lockdown and post-
lockdown period. This is due to higher anthropogenic
emissions. The negative anomalies of AI during lockdown
phases are due to limited anthropogenic activity. The large
grid of OMI (1 x 1) covers both Delhi and Panchgaon
stations. Hence, variations in anomalies are the same at
both stations. It also suggests the transport of dust is less
than during the rest of the normal year (year not associated
with any major ocean-atmospheric coupled phenomenon like
El Nino, IOD etc.)., which is also shown by Fadnavis et al.
(2021). The time-series patterns of AI at New Delhi and
Panchgaon have been studied. The results show a substantial
reduction in AOD (Delhi: —20% to —80%, and Panchgaon:
—-20% to —80%) in comparison with climatology (2010-2019)
during all the four phases of lockdown. The observed

reduction in AOD at both stations is attributed to
lockdown measures and less transport of dust from west
Asia than climatology.

Variations in BC and BB Over Panchgaon
Both black carbon (BC) aerosols and biomass burning (BB) have
received particular attention around the world due to their impact
on air quality and public health. Due to its fine size (size-mode
2.5 um), large specific surface area, and irregular morphology, it is
easily inhaled and can affect human health, causing
cardiovascular, respiratory, and other diseases (Highwood and
Kinnersley, 2006; Suglia et al., 2008; Cunha-Lopes et al., 2019).
BC mass concentrations, measured using an aethalometer at 370
and 880 nm wavelengths during the pre-, phase I, IL, III, IV, and
post-lockdown periods are plotted in Figures 6A,B. The daily
mean variation in black carbon (BC) mass concentration
observed using a multi-spectral aethalometer at 370 and
880 nm wavelengths during the pre-, phase I, II, III, IV and
post-lockdown periods is plotted in Figures 6A,B. The daily
variation of the percentile of biomass burning (BB) aerosol
contribution to BC is also plotted in
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Figure 6B. As explained in Dumka et al. (2019), the major ~ industrial emissions. Since these estimations are mainly
contribution to BC at 370 nm comes from the vehicular  made by the property of absorption, the effects due to
exhaust, while the contribution at 880 nm comes from  wavelength dependence are normalized in the calculations.
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Figure 6A shows a reduction in the BC mass concentration
during phase I as compared to the pre-lockdown period
(370 nm:  8,241-1,510 ng/m’; 880 nm:6,293-912 ng/m>) at
Panchgaon, The observed reduction is due to the total
restriction on transportation and industrial operations. BC
at 370 and 880 nm (Figure 6B) increases during phase I to IV,
whereas the contribution of BB % shows a decline (Figure 6C)
during lockdown phases. However, these observations are not
available at New Delhi.

Variations in Transport Characteristics

During Lockdown

During the pre-monsoon season when the lockdown was
imposed over India, variation in aerosols is influenced by
long-range transport of dust from west Asia (Lau, 2006;
Fadnavis et al., 2017). However, the transport pattern may be
different in spring 2020 due to variation in dynamics (Fadnavis
et al,, 2019). Hence, we show trajectory analysis during the
lockdown period. While forward trajectories describe where a
particle will go, backward trajectories indicate where it came
from. Air trajectories are frequently used for the interpretation of
individual flow situations for several decades, but statistical
methods for large sets of trajectories have been developed
more recently (Stohla et al., 2002; IPCC, 2017).

To examine the sources of air mass concentrations at the study
location (New Delhi), we have shown cluster mean backward
trajectories and the associated total spatial variance (TSV, in
percent) during the pre-lockdown; phases I, II, III, and IV; and
post-lockdown periods in Figure 7. It is to note that the number
of trajectories available for forming the clusters during each phase
of lockdown is different for different phases.

In the case of pre-lockdown (1st to 25th March 2020) the 54
backward trajectories of air masses come at the study location
(New Delhi) from the Mediterranean Sea and desert region.
However, cluster 2 contributes 30% of the air mass, which
comes from the desert region. In the case of phase I lockdown
(25th March-14th April 2020), 34 backward trajectories of air
masses come from the Mediterranean Sea and desert region,
however, maximum contribution (65%) by 1Ist cluster. 44
backward trajectories were averaged in the case of the phase II
lockdown and formed three clusters; the 1st cluster contributed
32% of air mass from the desert region. In the case of the phase III
lockdown period, 35 backward trajectories were averaged, and
two clusters were formed. The 1st cluster contributed a maximum
of 80% of air mass from the desert region. Similarly, in the case of
the phase IV lockdown phase, a total of 29 backward air mass
trajectories participated the formation of clusters; and two
clusters were formed. The 2nd cluster contributed a maximum
of 69% of air mass from the desert region. On the other hand, in
the case of post-lockdown, a total of 38 backward trajectories have
participated in the formation of clusters; and three clusters were
formed. The 1st cluster contributed 68% to the air mass from a
local transport and the 2nd cluster contributed 24% of air mass
coming from the Arabian Sea. This trajectory analysis indicates a
transport of dust from the Mediterranean Sea and desert region
(Fadnavis et al., 2021).

Lockdown Features of Pollution During COVID-19

SUMMARY AND CONCLUSION

The impact of lockdown concept of COVID-19 on the
synchronous near-surface carbonaceous aerosols and
satellite-derived columnar aerosol optical depth, size
distribution, water vapor, ozone, and nitrogen peroxide over
two contrasting environmental (urban and rural) conditions
during 2020 has been reported in this study. The analysis of
OMI NO, shows a substantial reduction in Delhi (-10% to
—-42.03%) and Panchgaon (-10% to —46.54%), while ozone
amounts show enhancement in Delhi (1% to 8%) and
Panchgaon (1% to 10%) than climatology during lockdown
I—III phases. The observed enhancement in ozone, despite a
reduction in NO,, may be a resultant of the complex
photochemical processes related to the ozone formation
mechanisms that involve the presence of NO,, CO, volatile
organic carbon (VOC), and water vapor. The columnar density
of pollutants over the urban station (New Delhi), especially in
the case of columnar NO,, is found to be higher than that over
the rural (Panchgaon) station.

The variation of pollutant levels showed a positive trend in
tropospheric column NO, and H,O and a negative trend in
tropospheric column ozone. The behavior of pollutant
concentrations during both lockdown versus no-lockdown
phase, and their comparison within the lockdown periods
also exhibited interesting results. It is observed that the
pollutant concentration scenarios are different not only
between pre- and post-lockdown periods due to local
meteorology and long-range transport processes but also
within the four lockdown phases implemented by the
government. The significant differences observed between
certain phases are considered to be due to the nature of
lockdown, imposed by the government. Overall, the
concentration of pollutants is found to be lower during the
lockdown phases than those observed either during the pre-
lockdown or post-lockdown period. This aspect clearly
indicates the positive impact of the lockdown concept, and
it is found more helpful not only for curbing the regional
pollution but also for improving the other requirements of
maintaining the social distance to minimize the health hazards
leading to morbidity and mortality during the COVID-19
period.
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During the lockdown implemented to curb the spread of COVID-19, human activities have
drastically reduced, providing a valuable opportunity to study and compare the impact of
meteorological conditions and human activities on air quality. In this study, large-scale
weather circulation, local meteorological conditions, and the impact of human activities are
comprehensively considered, and changes in the concentration of major air pollutants in
the northeast during this period are systematically studied. The large-scale weather
circulation patterns that mainly affect the northeast region are divided into nine types
by using the T-mode Principal components analysis objective circulation classification
method. It is found that the northeast region is located at the edge of weak high pressure
(Types 1, 2, and 7) and at the rear of high pressure (Type 4) and has higher concentrations
of PM2.5, NO,, SO,, and CO; in cyclonic weather systems, low vortices (Types 3 and 5)
and under the influence of the updraft (Type 6) in front of the trough, the ozone
concentration is higher. The changes in the concentrations of PM2.5, NO,, CO, SO,
and O3 in the three cities, namely Shenyang, Changchun, and Harbin, during the lockdown
period are compared, and it is found that the concentrations of PM2.5, NO,, CO, and SO,
have a tendency to first decrease and then increase, while the changes of Oz concentration
are cyclical and increased significantly during this period. This demonstrates that pollutants
such as PM2.5, NO,, CO, and SO, are more susceptible to human activities and local
meteorological conditions, and changes in Oz concentration are more closely related to
changes in weather circulation types. Finally, the FLEXPART-WRF model is used to
simulate the pollution process of nine circulation types, which confirms that particulate
pollution in the northeast is mainly affected by local emissions and local westward sinking
airflow.

Keywords: north east China, meteorological condition, t-mode PCA, air pollutants, human activies, FLEXPART-WRF

1 INTRODUCTION

Since 2020, COVID-19 has spread globally (Jiang and Xu, 2021). Since 23 January 2020, the Chinese
government has implemented closed management of cities across the country (China State Council,
20205 Zhao et al., 2020; Sulaymon et al., 2021a). A series of strict control measures, such as reducing
large-scale activities, restricting people’s transportation, shutting down large factories and
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enterprises, and closing schools, has been beneficial in
constraining the rapid spread of the disease (Chen S. et al,
2020; Liu et al., 2020; Li et al.,, 2021; Tian et al., 2020; Zhang
etal,, 2020; Zhao et al., 2021a). Many studies have also found that
these restrictions have greatly improved the local air quality
(Chen H. et al., 2020; Mahato et al., 2020; Muhammad et al.,
2020; Sulaymon et al., 2021a). Silver et al. (2020) found that the
average concentration of pollutants such as NO,, PM2.5, and
PM10 in China during the lockdown period was significantly
reduced by 27, 10.5, and 21.4%, respectively. The region with the
largest decline was Hubei Province, with NO, concentration
being 50.5% lower than that expected during the lockdown.
Filonchyk et al. (2020) used satellites to monitor changes in
the concentration of SO,, NO,, CO, and AOD (Aerosol Optical
Depth) in Eastern China during this period and found that during
the COVID-19 lockdown, CO and NO, concentrations in the
region decreased by 20 and 30%, respectively, because of strict
control of industrial and traffic emissions. Some countries in
Europe, North America, and Africa also implemented strict
lockdown measures, which reduced the concentration of local
pollutants (Xiang et al., 2020; Zambrano-Monserrate et al., 2020;
Filonchyk et al, 2021; Mostafa et al, 2021; Skiriené and
Stasiskiené, 2021). Tobias et al. (2020) found that in Spain, the
concentration of pollutants such as NO, and PM10 decreased
considerably during the lockdown. Berman and Ebisu, (2020)
showed that the PM2.5 concentrations declined in the counties in
the United States that implemented strict lockdown measures.
Venter and Kristin, (2020) showed that isolation measures
reduced the concentration of NO, and particulate matter in 34
countries and regions by approximately 60 and 31%, respectively,
and that the effect on ozone was mixed. Dinoi et al., 2021 showed
that different percentage reductions in atmospheric nanoparticle
concentrations are observed, —19% and —23% in Lecce and —7%
and —4% in Lamezia Terme in southern Italy during lockdown
and postlockdown, respectively. However, some studies have
found that the concentration of pollutants sometimes
increased abnormally during the lockdown (Broomandi et al.,
2020; Dai et al., 2020; Liu et al.,, 2020; Wang et al., 2020; Zhao X.
et al,, 2021; Hong et al., 2021; Li et al.,, 2021). Sulaymon et al.
(2021b) studied the changes in air quality during the pandemic in
the Beijing-Tianjin-Hebei region of China and found that
unfavourable weather conditions during the COVID-19
lockdown led to increasing PM2.5 pollution in this region.
Hong et al. (2021) studied the changes in the concentration of
pollutants along the southeast coast of China during this period
and found that although traffic, dust, and industrial emissions
decreased significantly by 9, 8.5, and 8%, respectively, the O;
concentration increased by 28.1% compared with that during the
same period in 2019. Liu et al. (2020) studied the changes in air
quality during the pandemic in the Yangtze River Delta and
found that a significant increase in ozone concentration during
the lockdown was caused by emission reduction (29-52%) and
changes in meteorological conditions (17-49%). The increase in
ozone concentration accelerates the formation of secondary
aerosols. Shen et al. (2021) studied the impact of
meteorological conditions on air pollution changes in Hubei,
China, during the COVID-19 lockdown and found that abnormal
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vertical wind divergence and northeasterly winds contributed to
the serious PM2.5 pollution. Most studies have only considered
changes in the concentration of pollutants during the pandemic
caused by local meteorological conditions or human activities
(Chang et al., 2020; Huang et al., 2020; Shi and Brasseur, 2020).
However, a few studies have combined large-scale weather
circulation, local meteorological conditions, and meteorological
factors and comprehensively considered the effects of human
activities.

Northeast China is China’s heavy industry base (Li et al., 2015;
Zhao et al.,, 2017), and biomass burning frequently occurs (Li
etal,, 2019; Cheng et al., 2021). This region witnesses a serious air
pollution problem all year round (Ma et al., 2018; Li et al., 2019).
The present study focuses on the relationship among air quality,
weather conditions, and human activities in Northeast China
during the lockdown implemented to control the pandemic. First,
the T-PCA method is used to divide the synoptic circulation
patterns in the northeast region into nine types, analyse the
corresponding local meteorological conditions under each
circulation type, and discuss the effects of circulation patterns
and local weather conditions on changes in the concentration of
main pollutants, namely PM2.5, O3, NO,, SO,, and CO. Then,
based on the proportion of circulation patterns in Northeast
China from January to April during 2016-2020 (defined as
specific period, SP, same below), the changes in pollutant
concentration during the SP period are discussed. Further, the
2020 pandemic lockdown phase is divided into three periods,
before control (BC) unblocked, under control (UC) strictly
blocked, and after control (AC) restricted activity period. The
main circulation patterns in the three periods are analysed and
the causes of abnormal large-scale air pollution during the
epidemic in Northeast China are discussed, combining the
changes in pollutant concentrations in the three periods.
Finally, nine severe pollution with  PM2.5
concentrations exceeding the national secondary standard
(75 ug/m’) under nine circulation patterns are screened, and
the backward plume trajectory is simulated using the
FLEXPART-WRF model to analyse the characteristics of
pollutant transmission.

events

2 DATA, METHOD, AND MODEL

2.1 Data

2.1.1 Meteorological Data

In this study, we use the fifth-generation atmospheric reanalysis
data ERAS5 data set developed by ECMWEF to perform circulation
classification, with a horizontal resolution of 0.25 x 0.25. The sea
level pressure field of 500 hPa, geopotential height field of
850 hPa, and wind field at 00:00 UTC time by day from 1979
to 2020 are used to determine the daily circulation pattern. The
space range is 25-60° N, 105-140" E. To analyse the local
meteorological ~ conditions  during the study period
(2016-2020) in the northeast region, we use hourly wind field,
humidity, and temperature data from meteorological
observatories in Harbin, Changchun, and Shenyang to
compare the local meteorological conditions, which are
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obtained from the National Climate Data Center (ftp://ftp.ncdc.
noaa.gov/pub/data/noaa/) under the National Oceanic and
Atmospheric Administration of the United States. The
observatories are Harbin Taiping Airport, Changchun Longjia
Airport and Shenyang Taoxian Airport, respectively.

2.1.2 Air Quality Data

Air pollution data are obtained from the China Environmental
Monitoring website (http://www.cnemc.cn). Station-wise data are
released after quality control by the environmental protection
department. In this study, the 24 h average concentration data of
PM2.5, NO,, SO,, and CO and the daily maximum 8 h average
(MDAS8) ozone concentration from 30 monitoring sites in
Northeast China in Harbin, Changchun, and Shenyang are
used. We also use the daily PM2.5 concentration data (Geng
et al, 2021) in the near real-time tracking data set (TAP) of
China’s atmospheric composition (spatial range: 25-60" N,
105-140° E; horizontal resolution = 10km) to reflect the
spatial distribution characteristics of pollutants when serious
pollution occurs under each circulation pattern during
lockdown and to verify the results of the backward simulation
of the pollutant particle trajectory. The data set incorporates
ground observations, satellite remote sensing, emission
inventories, model simulations, and other multi-source data
(Xiao et al,, 2021a, 2021b) that can more accurately reflect the
pollution status of the study area.

2.1.3 Study Area
To study the temporal and spatial distribution and change
characteristics of the concentration of major atmospheric

pollutants during the epidemic blockade, in this study, the
northeast region is divided into three regions, namely Harbin
(Northern N), Changchun (Middle M), and Shenyang
(Southern S). All three regions include elements such as
mountains, industrial areas, major cities, villages, and
grasslands, and thus can represent the local meteorological
conditions and the characteristics of the temporal and spatial
distribution of pollutants in the northeast. The scope of the
three regions and the surrounding topography are shown in
Figure 1.

2.2 Circulation Classification Method

To obtain an accurate and stable weather circulation pattern that
affects Northeast China, we use the T-PCA method proposed by
Huth et al. (2008) to classify the large-scale weather circulation in
the northeast. Assuming that the parameter dependence is small,
this method is widely used in the analysis of the impact of large-
scale weather circulation on pollutants (Compagnucci and
Richman, 2008; Zhou et al, 2018; Zhou et al., 2019; Zhao
et al.,, 2019; Zhao et al,, 2021b; Wang et al., 2022). Herein, sea
level pressure field of 850 hPa and wind field and altitude field of
500 hPa are used to comprehensively and accurately explore the
weather types that mainly affect this region. We use the COST733
mode software package based on the FORTRAN language, and
the specific usage has been presented in detail in other studies
(Yan et al,, 2021; Zhang et al., 2018; Philipp et al., 2010; Philipp
et al,, 2014). Zhang et al. (2012) proved that circulation patterns
are generally divided into nine types in the mid-high latitudes of
the northern hemisphere; a similar classification method is
adopted in this study.
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2.3 Parameterisation Scheme of the WRF
and FLEXPART-WRF Models

The WRF model can provide accurate weather field variables for
the FLEXPART-WRF model in particle trajectory simulation. In

this simulation, we use two nests; the first nesting is 15 x 15 km?
in horizontal resolution, covering the entire eastern part of China,
and the second nesting is 4 x 4 km?, covering the entire northeast
region. The main parameterisation schemes are Mellor-Yamada-
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Janjic (Eta) TKE boundary layer parameterisation scheme, Noah
land surface scheme (Chen et al., 2006), WSM 3-class simple ice
scheme (Hong et al, 2004), Kain-Fritsch (new Eta) Cumulus
convection parameterisation scheme (Kain, 2004), Monin-
Obukhov (Janjic Eta) surface layer scheme (Nakanishi and
Niino, 2006), RRTM longwave radiation scheme (Mlawer
et al., 1997), and Dudhia shortwave radiation scheme (Dudhia,
1989). The initial and boundary conditions of the model use fnl
(Final) Operational Global Analysis 6-h data per day (horizontal
resolution 0.25°x0.25°) from the National Centers for
Environmental Prediction (NCEP), and the model outputs the
results every 30 min.

Furthermore, we use the FLEXPART-WREF version 3.3 of the
Lagrangian particle diffusion model (Brioude et al., 2013) that
uses the function of backward simulation of particle trajectory.
Because Changchun is located in the middle of the northeast, it is
more susceptible to pollution particles from the south, north, and
surrounding areas; therefore, the Changchun area (143.35N,
43.88E) is selected as the particle release point. The model
releases particles uniformly every 1h during the nine types of
simulation periods (24h) in Changchun area; overall, 50,000
particles are released throughout the simulation period. A total of
five layers of vertical stratification (10, 100, 500, 1,000, and
5,000 m) are set up. The release height of particle clusters is
10-1,000 m, and the horizontal resolution is 0.125 x 0.125. The
model comprehensively considers the processes of release
transmission, turbulent diffusion, and dry and wet
sedimentation and simulates the dispersion and aggregation of
particles, possible source distributions, and other conditions by
calculating the backward transmission trajectory of large-scale
particles. In this study, we superimpose the 48-h plume
trajectories of particles under several circulation patterns
(Zhang et al, 2012; Shen et al, 2021) to obtain a
comprehensive distribution, which helps analyse the source of
pollutants and factors affecting the diffusion of pollutants.

3 RELATIONSHIP BETWEEN CIRCULATION
TYPES AND POLLUTANTS IN NORTHEAST
CHINA

3.1 Circulation Classification Results

Figures 2A-C shows the nine main weather circulation patterns,
with geopotential height fields and wind fields of 850 hPa and
500 hPa, respectively, that affect the northeast region of China.
According to the ground circulation characteristics, the nine
circulation types are classified as follows: Type 1 (western high-
pressure type), Type 2 (northwest high-pressure type), Type 3
(northeast high-pressure type, weak pressure gradient), Type 4
(high-pressure type), Type 5 (northern low pressure, southeast
high-pressure type), Type 6 (low pressure type), Type 7
(southwest high-pressure type), Type 8 (northern high-
pressure type), and Type 9 (eastern high-pressure type).
Figure 2 shows that the main types of circulation affecting
the study region are Type 1 (21.7%) and Type 5 (20.1%)
followed by Type 2 (13.2%).
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FIGURE 3 | Seasonal distribution of nine circulation patterns in
Northeast China during 2016-2020.

Types 1, 2, 4, and 7 are mainly related to the activities of cold
high pressure. Under Type 1 and 7 control, the high-pressure
centre is located in the west of the northeast region. Under Type 2
control, cold high pressure has not yet entered the territory of
China, which is far from the northeast region. Type 4 controls the
lower northeast region and is located behind the cold high
pressure; it is closest to the high-pressure centre. Under the
control of Types 3, 5, and 9, the West Pacific subtropical high
extends from the west to the north and affects most of China. At
the same time, the lower northeast of Types 3 and 5 is also
affected by the low vortex. Under Type 6, the northeast region is
often affected by high-altitude troughs and cyclones. At this time,
the northeast region is often in front of the trough. The northeast
area under the control of Type 8 is affected by both cold high
pressure and subtropical high; thus, cold high pressure has a
considerable influence on the northeast area.

3.2 Seasonal Characteristics, Local
Meteorological Characteristics of the Nine
Circulation Types, and Their Relationship
With the Concentration of Major Air
Pollutants

Figures 3, 4 show the seasonal distribution of nine circulation
types and the corresponding local wind fields in Northeast China.
Figure 5 shows the relationship between the concentration of five
major pollutants (PM2.5, O3, NO,, CO, and SO,) and the
circulation types in Harbin, Changchun, and Shenyang. The
distributions of the five air pollutants under the nine
circulation types in Changchun, Harbin, and Shenyang are
relatively consistent. Table 1 shows the average values of the
concentrations of these five pollutants under nine circulation
types, as well as the average values of temperature, relative
humidity, and wind speed, in these three cities. Figures 3-5
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FIGURE 4 | A wind rose of the local wind field corresponding to the nine circulation types in Northeast China during 2016-2020.
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and Table 1 show that Types 1, 2, 4, and 7 mainly appear in
winter and autumn. At this time, the northeast region is cold and
dry (average temperatures are —0.26 , 7.35, 10.68, and 4.08 ‘C
under Types 1, 2, 4 and 7 respectively, and the corresponding
average relative humidity percentages are 40.65, 45.36, 43.74, and
42.25% under Types 1,2, 4 and 7 respectively), the local wind field
is characterised by weak southwesterly and northerly winds
(average wind speed = 2.62m/s, 2.77 m/s, 2.12m/s, 2.12m/s,
and 2.59 m/s). In the meanwhile, Compared with summer, the
atmosphere is more prone to static stability in autumn and winter
(Zhou et al.,, 2019). Therefore, the diffusion conditions are poor,
which is not conducive to the diffusion and transmission of
pollutants, and the accumulation of pollutants is likely to occur
under the control of Types 1, 2, 4, and 7. The concentrations of
PM2.5, NO,, SO,, and CO under these types of circulation are
relatively high (the average concentrations are as follows:
PM2.5-47.8 pg/m®, 51.5pug/m’, 56.3 ug/m’, and 57.1 pg/m’,
NO, -39.4 ug/m’, 38.8 ug/m’>, 46.6 ug/m>, and 42.1 ug/m’>, SO,
-33.01 ug/m>, 30.07 pg/m’, 31.58 ug/m’, and 32.01 pg/m’, and

CO -0.92 mg/m’, 0.93 mg/m’, 1.15mg/m’, and 1.01 mg/m”).
Type 3 has obvious summer characteristics (high temperature
and high humidity), with an average temperature of 23.85 °C and
an average relative humidity of 57.29%. The region is dominated
by strong northeast winds (average wind speed = 3.51 m/s), which
is conducive to the diffusion and transmission of pollutants.
PM2.5, NO,, SO,, and CO concentrations are extremely low
(22.5pug/m®,  29.6ug/m>, 9.8ug/m’, and 0.635mg/m’,
respectively), but at this time, O; concentration is very high
(97.2 ug/m?). Type 6 often occurs in spring and autumn. Due to
the westerly wind (average wind speed = 4.58 m/s) in front of the
trough, pollutants cannot accumulate easily. Simultaneously, the
convection is prone to precipitation, which is conducive to the
deposition of pollutants. At this time, the concentrations of
PM2.5, NO,, SO,, and CO are relatively low (38.2 ug/m’,
31.3 pug/m’, 18.9 ug/m’, and 0.86 mg/m’), but O; concentration
is high (86.9 pg/m”). Types 5 and 9 mainly appear in summer and
spring. The local wind field in the northeast under Type 5 is
dominated by strong southwest wind (average wind speed =
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TABLE 1 | Average concentrations of the five major atmospheric pollutants (PM2.5, Oz, NO,, SO,, and CO) of the nine circulation types in Northeast China, and values of
local meteorological elements (temperature, relative humidity, and average wind speed) during 2016-2020.

Circulation Type Concentration of Pollutants

Meteorological Factors

PM2.5 (ug/m® O (ug/md) NO5(ug/ SO,(ug/ CO(mg/ Temperature ('C) Relative Humidity (%) Wind Speed (m/s)
m?) m?) m?)
Type 1 47.8 64.3 39.4 33.01 0.92 -0.26 40.65 2.62
Type 2 51.5 76.4 38.8 30.07 0.93 7.35 45.36 2.77
Type 3 22.5 97.2 29.6 9.80 0.64 23.85 57.29 3.51
Type 4 56.3 77.2 46.6 31.58 1.15 10.68 43.74 212
Type 5 40.1 113.4 31.5 18.10 0.85 20.17 4713 5.40
Type 6 38.2 86.9 31.3 18.90 0.86 11.62 53.13 4.58
Type 7 571 711 421 32.01 1.01 4.08 42.25 2.59
Type 8 44.2 81.5 33.4 18.89 0.89 13.30 61.27 3.99
Type 9 39.2 108.9 34.5 17.8 0.84 22.06 51.91 3.84
9
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FIGURE 6 | Proportions and changing trends of the nine circulation patterns during the SP period.

5.4 m/s), with high temperature and humidity (20.17 °C and
47.13%, respectively) and convective development. Because of
vigorous and good diffusion conditions, pollutants do not easily
accumulate (the average concentrations of PM2.5, NO,, SO,, and
CO are 40.1 ug/m’, 31.5pg/m>, 18.1 ug/m’, and 0.85 mg/m’,
respectively). The warm and humid airflow in the south
brought by the subtropical high under Type 9 control is
strong (average wind speed = 3.84 m/s), which is conducive to
the diffusion of particulate pollutants, and the concentrations of
PM2.5, NO,, SO,, and CO are relatively low (39.2 ug/m?, 34.5 pg/
m?, 17.8 pg/m>, and 0.84 mg/m®), but O concentration is higher
under the above two types of circulations (113.4 pg/m’> and
108.9 ug/m>, respectively).

Based on the aforementioned analysis, we draw the following
conclusions: under the control of Types 1, 2, 4, and 7, the
concentrations of PM2.5, NO,, SO,, and CO in the northeast

are all high, while under the control of Types 3, 5, 6, and 9, the
concentrations of PM2.5, NO,, SO,, and CO are maintained at
relatively low levels. O3 concentration distribution is different
from other that of pollutants. O; concentration is high under the
control of Types 3, 5, 6, and 9, whereas it is low under the control
of Types 1, 2, 4, and 7.

4 CHANGES IN THE CONCENTRATION OF
POLLUTANTS IN NORTHEAST CHINA
DURING COVID-19

4.1 Changes in Circulation Types and Air
Quality During the SP

Figure 6 shows the proportions of the nine main circulation
patterns during the SP, which were rather similar. The main
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circulation patterns are Type 1, 2, 5, and 7, indicating that the ~ Section 3.1, we find that Types 1, 2, and 7 respectively
weather-scale circulation affecting the northeast region during  represent the three locations of cold high pressure affecting
January-April is relatively stable. Comparing the analysis in ~ the northeast region, which is more consistent with the
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TABLE 2| Change rate of PM2.5, NO,, SO,, CO, and O3 pollutant concentrations
during UC in 2020 compared with the same period in 2016-2019.

Pollutant Change Ratio (UC)

Changchun Shenyang Harbin Average
PM2.5 -29.70% -31.39% -23.70% -28.24%
O3 -5.70% -8.04% 6.45% -2.43%
NO, -40.54% -31.49% -45.90% -39.31%
SO, -62.51% —65.48% -38.47% -55.49%
CcO -37.50% -19.42% —43.20% -33.37%
climatic characteristics of the northeast region during

January-April. In spring (March-May), with the appearance
of the northeast cold vortex and the northward uplift of the
subtropical high, Type 5 appears more frequently (accounting for
13-18%).

Figure 7 shows the concentration changes of the five main
pollutants during the SP. The abscissa pl-p12 indicate that the
January-April period is divided into 12 periods. Among these,
pl-p3 correspond to BC, p4-p9 correspond to UC, and p10-p12
correspond to AC. At the same time, the average concentration
change rate (R) is defined as the ratio of the difference (between
the average pollutant concentration in 2020 under each
circulation pattern and the average pollutant concentration
under the same circulation pattern during 2016-2019) and the
average concentration of pollutants under the same circulation
pattern during 2016-2019. R > 0 means increase, and R < 0 means
decrease; a large absolute value of R implies an obvious change,
and vice versa. In this study, the circulation type during the
lockdown period is roughly the same as in the same period in
2016-2019, although the human activity is substantially reduced.
Therefore, the average concentration change rate R can reflect the
degree to which meteorological conditions and human activities
affect air quality in the region. Greater absolute value of the
average concentration change rate R implies greater impact of
human activities on the concentration of these pollutants, and the
converse, that is, greater impact of circulation conditions on the
concentration of these pollutants is also true. Table 2 shows the
change rates of PM2.5, NO,, SO,, CO, and O; pollutant
concentrations during UC in 2020 compared with the same
period in 2016-2019. Table 3 shows the average concentration
change rate R of PM2.5 and O; under nine circulation patterns.
Figure 7; Table 2 show that the PM2.5 concentration of the three
cities during the UC period decreased by 31.39, 29.7, and 23.7%
from the average for the same period during 2016-2019 (average
decrease of the three cities = 28.24%). The change trend of NO,,
CO, and SO, concentrations is similar to that of PM2.5, and their

Air Quality During COVID-19

concentrations also declined significantly during the UC period
(the average change rates are —39.31%, —33.37%, and —55.49%,
respectively). This shows that the industrial, transportation, and
agricultural emissions during the UC period decreased
significantly compared with the same period during
2016-2019, resulting in a decrease in PM2.5, NO,, SO,, and
CO concentrations. Human activities significantly impacted the
concentration changes of these pollutants. Table 3 shows that the
absolute value of the change rate R of the average PM2.5
concentration under the nine circulation patterns is very large,
indicating that the PM2.5 concentration responds more strongly
to human activities. The change trend of O3 concentration during
the SP is almost the same and shows some regularity. During the
UC period in 2020, the change rate of O3 concentration during
the same period during 2016-2019 is only —2.43%. Additionally,
Table 3 shows that the absolute value of the change rate R of the
average O; concentration is relatively small, indicating that
although O; concentration is affected by human activities and
weather conditions, it is more susceptible to weather circulation
conditions compared to PM2.5 concentration.

4.2 Changes of Air Quality in BC, UC, and AC
Stages

Figure 8 shows the proportion of each circulation pattern under
BC, UC, and AC. In the BC stage, the northeast region is mainly
influenced by Types 1, 2, 4, and 7 (accounting for 32.3, 19.4, 12.9,
and 22.6%, respectively), whereas in the UC stage, it is mainly
influenced by Types 1, 2, 5, and 7 (accounting for 26.7, 11.7, 20,
and 20%, respectively). The main circulation patterns of the BC
and UC stages are not much different. In the AC phase, the
circulation patterns affecting the northeast are Types 1, 5, 6, and 8
(40, 10, 30, and 10%, respectively), which are significantly
different from the BC and UC phases. During the entire
lockdown period, the total proportions of Types 1, 2, 4, and 7
gradually decrease over time (87.2, 61.2, and 43.3% in BC, UC,
and AG, respectively). This shows that from winter to spring, the
influence of cold high pressure on the northeast region gradually
weakens. In the spring, the northeast cold vortex and cyclone
systems frequently appear, and the subtropical high moves
northward. Therefore, the total proportions of Types 3, 5, 6,
and 9 related to these conditions during BC, UC, and AC also
gradually increase (3.2, 30, and 46.7%, respectively). As
mentioned in Section 3.2, the appearance of the
aforementioned four circulation patterns is also related to the
increase in Oz concentration.

Figure 9 shows the changes in the concentration of the five
major pollutants between BC and UC stages and between UC

TABLE 3 | Average concentration change rate R of PM2.5 and Oz under nine circulation types.

Pollutant Circulation Type
Type 1 Type Type 3 Type Type Type Type 7 Type Type
(%) 2 (%) 4 5 6 (%) 8 9
PM2.5 11.54 4.36% 196.61 52.37% -20.56% -20.60% 8.19 12.87% -17.28%
O3 1.2 -8.3% 231 -12.8 -3.1% 8.6% 1.9 -6.3% -4.5%
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FIGURE 9 | Spatial distribution of the concentration change rates of the five main pollutants in the BC-UC and UC-AC phases during the lockdown period in 2020.

and AC stages in Northeast China in 2020. As illustrated in
Figures 8, 9, although the proportion of Types 1, 2, 4, and 7
decreased from 87 to 43.3% from the BC stage to the AC stage
in 2020, the PM2.5 concentration did not consistently
decrease; it first increased and then decrease, that is, due to
curtailed human activities, the PM2.5 concentration
considerably decreased from the BC stage to the UC stage
(average rate of change = —50.22%). From the UC stage to the
AC stage, some restrictions on human activities were lifted,
and therefore, the PM2.5 concentration increased and showed
a wide range (average rate of change = 28.32%). When the
proportions of Types 3, 5, 6, and 9 corresponding to high
ozone concentration increase, the O3 concentration shows an
increasing trend from the BC stage to the UC stage and from

the UC stage to the AC stage (the change rates are 37.81 and
29.54%, respectively). However, the increase rate from the BC
stage to the UC stage is significantly higher than the increase
rate from the UC stage to the AC stage. This is because PM2.5
decreased from the BC stage to the UC stage, the shading rate
decreased, and the radiation enhanced, which promoted the
photochemical reactions, generating large amounts of O; while
consuming large amounts of NO,. The concentrations of NO,,
CO, and SO, showed similar trend as that of PM2.5, decreasing
considerably during the UC stage (the change rates are
-44.94%, -38.5% and -38.45%, respectively). However,
during the AC stage, these values showed an increasing
trend, with the average increase rates of 21.1, 4.05, and
1.64%, respectively.
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In summary, curtailing human activities during the lockdown
only slightly impacted the concentration changes of O3, and it was
mainly affected by the large-scale circulation conditions. The
concentrations of PM2.5, NO,, SO,, and CO, however, were
greatly affected by the curtailed human activity during the lockdown.

4.3 Numerical Simulation Study on the
Source of Particulate Matter During the
Pandemic in Northeast China

To study the source and transmission path of the main pollutants
during the lockdown period in 2020 in the northeast, Changchun
City, located in the central part of this region, was selected for the
simulation study of pollutant particle trajectory. The time periods
when the average daily PM2.5 concentration during the
lockdown period of COVID-19 was >75pug/m’ were
determined, and these periods were classified according to the
circulation type. A 24-h backward trajectory simulation analysis
was carried out to characterise the pollutant trajectory of each
period under each circulation pattern.

Figure 10 shows the distribution of PM2.5 concentration
corresponding to heavy pollution periods under the nine

circulation patterns based on TAP data. Figure 11 shows the
backward plume trajectory of pollutant particles in nine
circulation patterns.

Figures 10, 11 show that under Type 1, pollutants exist in
North China and the eastern part of Northeast China. However,
the pollutants in Changchun are from the western part of
Changchun. The heavily polluted areas under Type 2 are in
Northeast and North China, and PM2.5 pollutants in
Changchun come from the northwest mountains. The
distribution of pollutants under Type 3 is concentrated around
Changchun, and the pollutants transmitted over long distances
mainly come from the mountainous areas in northern North
Korea. The heavily polluted area under Type 4 appears on a
heavily polluted zone in the northeast-southwest direction
centred on the Harbin-Changchun-Shenyang region. The
pollutants that affect Changchun mainly come from the
surrounding areas such as southwest of Changchun. The
particulate matter under Type 5 mainly travels long-distance
from North China, Liaodong Peninsula, and northern Korean
Peninsula. Under Type 6, there is considerable pollution in the
northern part of Heilongjiang, and the particulate matter comes
from the northwest part of Northeast China and the Liaodong
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Peninsula. The PM2.5 concentration under Type 7 is relatively
low overall, and only a small area of polluted weather occurs
around Changchun. Trajectory simulation shows that the
pollution at this time mainly comes from local emissions, and
some of the pollutants come from the Greater Xing’an Mountains
in Inner Mongolia. Large-scale pollution occurs in the northern
part of Northeast China under Type 8, and the pollutant particle
trajectory shows that the particulate matter comes from near
northwest Changchun. Under Type 9, the PM2.5 concentration
in most areas of Northeast China is relatively small, and the
pollution in Changchun area comes from the Bohai Bay in North
China.

In summary, the particulate pollution in the severe pollution
processes of Types 1, 2, 4, 7, and 8 is mainly from Changchun and

surrounding area, and the particulate matter transmission height
changes significantly. It indicates that the particulate matters are
affected by sinking flow. However, particulate matter pollution of
Types 3, 5, 6, and 9 in the lower northeast is mainly from North
China, Liaodong Peninsula and other areas far away from
Changchun.

5 CONCLUSION

This study investigates the effects of human activities and
meteorological conditions on the changes in the concentrations
of major pollutants (PM2.5, O3, NO,, SO,, and CO) during the
lockdown implemented for curbing the spread of COVID-19. First,
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we classified the large-scale circulation in the northeast and
obtained nine main weather circulation patterns (Type 1-Type
9) that affect this region. Analysis of sea level pressure field
(500hPa and 850hPa) altitude and local meteorological
conditions suggests that meteorological conditions are closely
related to air quality in this region. Comparison of the
concentrations of pollutants during the lockdown period in
2020 and the same period in previous years, as well as the
changes in the concentrations of pollutants at different stages
during the lockdown period suggests that human activities and
meteorological conditions have different effects on the changes in
the concentrations of different air pollutants. The specific research
conclusions are as follows:

(1) Under Types 1, 2, 4, and 7, the concentrations of PM2.5,
NO,, SO,, and CO in the northeast are high, while under
Types 3, 5, 6, and 9, the concentrations of PM2.5, NO,, SO,,
and CO are low. The O; concentration is high under Types 3,
5, and 9, while it is low under Types 1, 2, 4, and 7. Particulate
pollution in Northeast China is related to the equalising field
in the back of high-pressure regions and the front of weak-
high-pressure regions, while O pollution is closely related to
the trough, low vortex, and surface cyclonic weather systems.
Human activities and local meteorological conditions
significantly impact the changes in PM2.5, NO,, SO,, and
CO concentrations. Although O; is formed from NO, and
VOC, O; concentration is more sensitive to the large-scale
weather circulation situation compared to PM2.5.

2

REFERENCES

Berman, J. D., and Ebisu, K. (2020). Changes in U.S. Air Pollution during the
COVID-19 Pandemic. Sci. Total Environ. 739, 139864. doi:10.1016/j.scitotenv.
2020.139864

Brioude, J., Arnold, D., Stohl, A., Cassiani, M., Morton, D., Seibert, P., et al. (2013).
The Lagrangian Particle Dispersion Model FLEXPART-WRF Version 3.1.
Geosci. Model. Dev. 6 (6), 1889-1904. doi:10.5194/gmd-6-1889-2013

Broomandi, P., Karaca, F., Nikfal, A., Jahanbakhshi, A., Tamjidi, M., and Kim, J. R.
(2020). Impact of COVID-19 Event on the Air Quality in Iran. Aerosol Air Qual.
Res. 20 (8), 1793-1804. doi:10.4209/aaqr.2020.05.0205

Chang, Y., Huang, R. J., Ge, X., Huang, X., Hu, J., Duan, Y., et al. (2020).
Puzzling Haze Events in China during the Coronavirus (COVID-19)
Shutdown. Geophys. Res. Lett. 47, e2020GL088533. doi:10.1029/
2020GL088533

Chen, F., Tewari, M., Kusaka, H., and Warner, T. (2006). “Current Status of Urban
Modeling in the Community Weather Research and Forecast (WRF) Model,” in
paper presented at Joint Session with Sixth Symposium on the Urban
Environment and AMS Forum: Managing our Physical and Natural
Resources: Successes and Challenges, the 86th AMS Annual Meeting, 28
January-3 February (Atlanta, Georgia: AMS).

Chen, H., Guo, J., Wang, C,, Luo, F,, Yu, X, Zhang, W, et al. (2020). Clinical
Characteristics and Intrauterine Vertical Transmission Potential of COVID-19
Infection in Nine Pregnant Women: a Retrospective Review of Medical
Records. Lancet. doi:10.1016/s0140-6736(20)30360-3

Chen, S., Yang, J., Yang, W., Wang, C., and Barnighausen, T. (2020). COVID-19
Control in China during Mass Population Movements at New Year. The Lancet.
395, 764-766. doi:10.1016/s0140-6736(20)30421-9

Cheng, Y., Cao, X,, and Liu, J. (2022). New Open Burning Policy Reshaped the
Aerosol Characteristics of Agricultural Fire Episodes in Northeast China. Sci.
Total Environ. 810, 152272. doi:10.1016/j.scitotenv.2021.152272

Air Quality During COVID-19

(3) FLEXPART-WRF simulation results suggest that local
emissions and southwest and northwest sinking airflows
are the main causes of severe particulate pollution in the
northeast during the lockdown period.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Data curation, JZ; Methodology, JZ; Project administration, CZ;
Software, HD; Visualization, HD; Writing—original draft, TW;
Writing—review and editing, CZ and ZZ.

FUNDING

This study was supported by the National Key Research and
Development Program of China (Grant No. 2017YFC1501803),
the National Natural Science Foundation Committee of China
(41475021, 41375154, and 41405146), and the Chinese Prime
Minister Fund (DQGGO0104). We thank the authors and
developers of the COST733 classification software.

China State Council (2020). The New Coronavirus Disease (Covid-19) Prevention
and Control. Available at: http://news.xinhuanet.com/house/bj/2014-03-17/c_
126274610.htm.

Compagnucci, R. H.,, and Richman, M. B. (2008). Can Principal Component
Analysis Provide Atmospheric Circulation or Teleconnection Patterns? Int.
J. Climatol. 28 (6), 703-726. doi:10.1002/joc.1574

Dai, Q. Liu, B, Bi, X, Wu, J, Liang, D., Zhang, Y., et al. (2020). Dispersion
Normalized PMF Provides Insights into the Significant Changes in Source
Contributions to PM2.5 after the COVID-19 Outbreak. Environ. Sci. Technol.
54 (16), 9917-9927. doi:10.1021/acs.est.0c02776

Dinoi, A., Gulli, D., Ammoscato, I., Calidonna, C. R, and Contini, D. (2021).
Impact of the Coronavirus Pandemic Lockdown on Atmospheric Nanoparticle
Concentrations in Two Sites of Southern Italy. Atmosphere. 12, 352. doi:10.
3390/atmos12030352

Dudhia, J. (1989). Numerical Study of Convection Observed during the winter
Monsoon experiment Using a Mesoscale Two-Dimensional Model. J. Atmos.
Sci. 46, 3077-3107. doi:10.1175/1520-0469(1989)046<3077:nsocod>2.0.co;2

Filonchyk, M., Hurynovich, V., Yan, H., Gusev, A., and Shpilevskaya, N. (2020).
Impact Assessment of COVID-19 on Variations of SO2, NO2, CO and AOD
over East China. Aerosol Air Qual. Res. 20 (7), 1530-1540. doi:10.4209/aaqr.
2020.05.0226

Filonchyk, M., Hurynovich, V., and Yan, H. (2021). Impact of Covid-19 Lockdown
on Air Quality in the Poland, Eastern Europe. Environ. Res. 198, 110454. doi:10.
1016/j.envres.2020.110454

Geng, G., Xiao, Q., Liu, S., Liu, X., Cheng, J., Zheng, Y., et al. (2021). Tracking
Air Pollution in China: Near Real-Time PM2.5 Retrievals from Multisource
Data Fusion. Environ. Sci. Technol. 55, 12106-12115. doi:10.1021/acs.est.
1c01863

Hong, S.-Y., Dudhia, J., and Chen, S.-H. (2004). A Revised Approach to Ice
Microphysical Processes for the Bulk Parameterization of Clouds and
Precipitation. Mon. Wea. Rev. 132, 103-120. doi:10.1175/1520-0493(2004)
132<0103:aratim>2.0.co;2

Frontiers in Environmental Science | www.frontiersin.org

April 2022 | Volume 10 | Article 877268


https://doi.org/10.1016/j.scitotenv.2020.139864
https://doi.org/10.1016/j.scitotenv.2020.139864
https://doi.org/10.5194/gmd-6-1889-2013
https://doi.org/10.4209/aaqr.2020.05.0205
https://doi.org/10.1029/2020GL088533
https://doi.org/10.1029/2020GL088533
https://doi.org/10.1016/s0140-6736(20)30360-3
https://doi.org/10.1016/s0140-6736(20)30421-9
https://doi.org/10.1016/j.scitotenv.2021.152272
http://news.xinhuanet.com/house/bj/2014-03-17/c_126274610.htm
http://news.xinhuanet.com/house/bj/2014-03-17/c_126274610.htm
https://doi.org/10.1002/joc.1574
https://doi.org/10.1021/acs.est.0c02776
https://doi.org/10.3390/atmos12030352
https://doi.org/10.3390/atmos12030352
https://doi.org/10.1175/1520-0469(1989)046<3077:nsocod>2.0.co;2
https://doi.org/10.4209/aaqr.2020.05.0226
https://doi.org/10.4209/aaqr.2020.05.0226
https://doi.org/10.1016/j.envres.2020.110454
https://doi.org/10.1016/j.envres.2020.110454
https://doi.org/10.1021/acs.est.1c01863
https://doi.org/10.1021/acs.est.1c01863
https://doi.org/10.1175/1520-0493(2004)132<0103:aratim>2.0.co;2
https://doi.org/10.1175/1520-0493(2004)132<0103:aratim>2.0.co;2
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wang et al.

Hong, Y., Xu, X,, Liao, D., Zheng, R, Ji, X,, Chen, Y., et al. (2021). Source
Apportionment of PM2.5 and Sulfate Formation during the COVID-19
Lockdown in a Coastal City of Southeast China. Environ. Pollut. 286,
117577. doi:10.1016/j.envpol.2021.117577

Huang, X, Ding, A., Gao, J., Zheng, B., Zhou, D., Qi, X,, et al. (2020). Enhanced
Secondary Pollution Offset Reduction of Primary Emissions during COVID-19
Lockdown in China. Natl. Sci. Rev. doi:10.1093/nsr/nwaal37

Huth, R., Beck, C., Philipp, A., Demuzere, M., Ustrnul, Z., Cahynovd, M., et al.
(2008). Classifications of Atmospheric Circulation Patterns. Ann. N. Y. Acad.
Sci. 1146 (1), 105-152. doi:10.1196/annals.1446.019

Jiang, Y., and Xu, J. (2021). The Association between COVID-19 Deaths and Short-
Term Ambient Air Pollution/meteorological Condition Exposure: a
Retrospective Study from Wuhan, China. Air Qual. Atmos. Health. 14 (1),
1-5. doi:10.1007/s11869-020-00906-7

Kain, J. S. (2004). The Kain-Fritsch Convective Parameterization: An Update.
J. Appl. Meteorol. 43, 170-181. doi:10.1175/1520-0450(2004)043<0170:
tkepau>2.0.co;2

Li, M., Wang, T., Xie, M., Li, S., Zhuang, B., Fu, Q., et al. (2021). Drivers for the Poor
Air Quality Conditions in North China Plain during the COVID-19 Outbreak.
Atmos. Environ. 246, 118103. doi:10.1016/j.atmosenv.2020.118103

Li, Y., Liu, J., Han, H., Zhao, T., Zhang, X., Zhuang, B., et al. (2019). Collective
Impacts of Biomass Burning and Synoptic Weather on Surface PM2.5 and CO
in Northeast China. Atmos. Environ. 213, 64-80. doi:10.1016/j.atmosenv.2019.
05.062

Li, Y., Zhao, H., and Wu, Y. (2015). Characteristics of Particulate Matter
during Haze and Fog (Pollution) Episodes over Northeast China, Autumn
2013. Aerosol Air Qual. Res. 15 (3), 853-864. doi:10.4209/aaqr.2014.08.
0158

Liu, T., Wang, X,, Hu, J., Wang, Q., An, J., Gong, K., et al. (2020). Driving Forces of
Changes in Air Quality during the COVID-19 Lockdown Period in the Yangtze
River Delta Region, China. Environ. Sci. Technol. Lett. doi:10.1021/acs.estlett.
0c00511

Ma, Y., Zhao, H., Dong, Y., Che, H,, Li, X., Hong, Y., et al. (2018). Comparison of
Two Air Pollution Episodes over Northeast China in winter 2016/17 Using
Ground-Based Lidar. J. Meteorol. Res. 32 (2),313-323. d0i:10.1007/s13351-018-
7047-4

Mahato, S., Pal, S., and Ghosh, K. G. (2020). Effect of Lockdown amid COVID-19
Pandemic on Air Quality of the Megacity Delhi, India. Sci. Total Environ. 730,
139086. doi:10.1016/j.scitotenv.2020.139086

Mlawer, E. ]., Taubman, S. J., Brown, P. D., Iacono, M. J., and Clough, S. A. (1997).
Radiative Transfer for Inhomogeneous Atmospheres: RRTM, a Validated
Correlated-K Model for the Longwave. J. Geophys. Res. 102, 16663-16682.
d0i:10.1029/97jd00237

Mostafa, M. K., Gamal, G., and Wafiq, A. (2021). The Impact of COVID 19 on Air
Pollution Levels and Other Environmental Indicators - a Case Study of Egypt.
J. Environ. Manage. 277, 111496. doi:10.1016/j.jenvman.2020.111496

Muhammad, S., Long, X., and Salman, M. (2020). COVID-19 Pandemic and
Environmental Pollution: a Blessing in Disguise? Sci. Total Environ. 728,
138820. doi:10.1016/j.scitotenv.2020.138820

Nakanishi, M., and Niino, H. (2006). An Improved Mellor-Yamada Level-3 Model:
Its Numerical Stability and Application to a Regional Prediction of Advection
Fog. Boundary-layer Meteorol. 119 (2), 397-407. doi:10.1007/s10546-005-
9030-8

Philipp, A., Bartholy, J., and Beck, C. (2010). Cost733cat — A Database of Weather
and Circulation type Classifications. Phys. Chem. Earth, Parts A/b/c 35 (9-12),
360-373. doi:10.1016/j.pce.2009.12.010

Philipp, A., Beck, C., and Esteban, P. (2014). cost733-class-1.2 User Guide.
Germany: Augsburg, 10-21.

Shen, L., Zhao, T., Wang, H,, Liu, J., Bai, Y., Kong, S., et al. (2021). Importance of
Meteorology in Air Pollution Events during the City Lockdown for COVID-19
in Hubei Province, Central China. Sci. Total Environ. 754, 142227. doi:10.1016/
j.scitotenv.2020.142227

Shi, X., and Brasseur, G. P. (2020). The Response in Air Quality to the Reduction of
Chinese Economic Activities during the COVID-19 Outbreak. Geophys. Res.
Lett. 47 (11), e2020GL088070. d0i:10.1029/2020GL088070

Silver, B., He, X., Arnold, S. R., and Spracklen, D. V. (2020). The Impact of COVID-
19 Control Measures on Air Quality in China. Environ. Res. Lett. 15 (8), 084021.
doi:10.1088/1748-9326/aba3a2

Air Quality During COVID-19

Skiriené, A. F., and Stasiskiené, Z. (2021). COVID-19 and Air Pollution: Measuring
Pandemic Impact to Air Quality in Five European Countries. Atmosphere. 12
(3), 290. doi:10.3390/atmos12030290

Sulaymon, L. D., Zhang, Y., Hopke, P. K., Zhang, Y., Hua, J., and Mei, X. (2021a).
COVID-19 Pandemic in Wuhan: Ambient Air Quality and the Relationships
between Criteria Air Pollutants and Meteorological Variables before, during,
and after Lockdown. Atmos. Res. 250, 105362. doi:10.1016/j.atmosres.2020.
105362

Sulaymon, I. D., Zhang, Y., Hopke, P. K., Hu, J., Zhang, Y., Li, L., et al. (2021b).
Persistent High PM2.5 Pollution Driven by Unfavorable Meteorological
Conditions during the COVID-19 Lockdown Period in the Beijing-Tianjin-
Hebei Region, China. Environ. Res. 198, 111186. doi:10.1016/j.envres.2021.
111186

Tian, H,, Liu, Y., Li, Y., Wu, C.-H., Chen, B., Kraemer, M. U. G,, et al. (2020). An
Investigation of Transmission Control Measures during the First 50 Days of the
COVID-19 Epidemic in China. Science. 368, 638-642. doi:10.1126/science.
abb6105

Tobias, A., Carnerero, C., Reche, C., Massagué, J., Via, M., Minguillon, M. C,, et al.
(2020). Changes in Air Quality during the Lockdown in Barcelona (Spain) One
Month into the SARS-CoV-2 Epidemic. Sci. Total Environ. 726, 138540. doi:10.
1016/j.scitotenv.2020.138540

Venter, Z. S., Aunan, K., Chowdhury, S., and Lelieveld, J. (2020). COVID-19
Lockdowns Cause Global Air Pollution Declines. Proc. Natl. Acad. Sci. U.S.A.
117 (32), 18984-18990. doi:10.1073/pnas.2006853117

Wang, P., Chen, K., Zhu, S., Wang, P., and Zhang, H. (2020). Severe Air Pollution
Events Not Avoided by Reduced Anthropogenic Activities during COVID-19
Outbreak. Resour. Conservation Recycling. 158, 104814. doi:10.1016/j.resconrec.
2020.104814

Wang, T., Du, H.,, Zhao, Z., Russo, A., Zhang, J., and Zhou, C. (2022). The Impact of
Potential Recirculation on the Air Quality of Bohai Bay in China. Atmos. Pollut.
Res. 13 (1), 101268. doi:10.1016/j.apr.2021.101268

Xian, T., Li, Z., and Wei, J. (2021). Changes in Air Pollution Following the COVID-
19 Epidemic in Northern China: The Role of Meteorology. Front. Environ. Sci.
9, 64. doi:10.3389/fenvs.2021.654651

Xiao, Q., Zheng, Y., Geng, G., Chen, C,, Huang, X,, Che, H., et al. (2021a).
Separating Emission and Meteorological Contribution to PM2.5 Trends Over
East China During 2000-2018. Atmos. Chem. Phys. 21, 9475-9496. doi:10.5194/
acp-2021-28

Xiao, Q., Geng, G., Cheng, ], Liang, F., Li, R,, Meng, X., et al. (2021b). Evaluation of
Gap-Filling Approaches in Satellite-Based Daily PM2.5 Prediction Models.
Atmos. Environ. 244, 117921. doi:10.1016/j.atmosenv.2020.117921

Xiang, J., Austin, E.,, Gould, T., Larson, T., Shirai, J., Liu, Y., et al. (2020). Impacts of
the COVID-19 Responses on Traffic-Related Air Pollution in a Northwestern
US City. Sci. Total Environ. 747, 141325. doi:10.1016/j.scitotenv.2020.141325

Yan, Y., Wang, X,, Qu, K,, Li, X, Shi, W., Peng, Z., et al. (2021). Impacts of Synoptic
Circulations on Summertime Ozone Pollution in Guanzhong Basin,
Northwestern China. Atmos. Environ. 262, 118660. doi:10.1016/j.atmosenv.
2021.118660

Zambrano-Monserrate, M. A., Ruano, M. A., and Sanchez-Alcalde, L. (2020).
Indirect Effects of COVID-19 on the Environment. Sci. Total Environ. 728,
138813. doi:10.1016/j.scitotenv.2020.138813

Zhang, J. P., Zhu, T., Zhang, Q. H,, Li, C. C,, Shu, H. L,, Ying, Y., et al. (2012). The
Impact of Circulation Patterns on Regional Transport Pathways and Air
Quality over Beijing and its Surroundings. Atmos. Chem. Phys. 12,
5031-5053. doi:10.5194/acp-12-5031-2012

Zhang, R, Zhang, Y., Lin, H,, Feng, X,, Fu, T.-M., and Wang, Y. (2020). NOx
Emission Reduction and Recovery during COVID-19 in East China.
Atmosphere. 11, 433. doi:10.3390/atmos11040433

Zhang, Y., Wang, S., Jia, X,, Lian, J., Zhang, X., and Xu, Y. (2018). Study on the
Objective Classification of Air Pollution Weather in the winter Half Year in
North China. Acta Scientiae Circumstantiae. 38 (10), 3826-3833. (in Chinese).
doi:10.13671/j.hjkxxb.2018.0169

Zhao, H., Che, H.,, Ma, Y., Wang, Y., Yang, H, Liu, Y., et al. (2017). The
Relationship of PM Variation with Visibility and Mixing-Layer Height
under Hazy/Foggy Conditions in the Multi-Cities of Northeast China. Int.
J. Environ. Res. Public Health. 14 (5), 471. doi:10.3390/ijerph14050471

Zhao, N, Wang, G,, Li, G, Lang, J., and Zhang, H. (2020). Air Pollution Episodes
during the COVID-19 Outbreak in the Beijing-Tianjin-Hebei Region of China:

Frontiers in Environmental Science | www.frontiersin.org

99

April 2022 | Volume 10 | Article 877268


https://doi.org/10.1016/j.envpol.2021.117577
https://doi.org/10.1093/nsr/nwaa137
https://doi.org/10.1196/annals.1446.019
https://doi.org/10.1007/s11869-020-00906-7
https://doi.org/10.1175/1520-0450(2004)043<0170:tkcpau>2.0.co;2
https://doi.org/10.1175/1520-0450(2004)043<0170:tkcpau>2.0.co;2
https://doi.org/10.1016/j.atmosenv.2020.118103
https://doi.org/10.1016/j.atmosenv.2019.05.062
https://doi.org/10.1016/j.atmosenv.2019.05.062
https://doi.org/10.4209/aaqr.2014.08.0158
https://doi.org/10.4209/aaqr.2014.08.0158
https://doi.org/10.1021/acs.estlett.0c00511
https://doi.org/10.1021/acs.estlett.0c00511
https://doi.org/10.1007/s13351-018-7047-4
https://doi.org/10.1007/s13351-018-7047-4
https://doi.org/10.1016/j.scitotenv.2020.139086
https://doi.org/10.1029/97jd00237
https://doi.org/10.1016/j.jenvman.2020.111496
https://doi.org/10.1016/j.scitotenv.2020.138820
https://doi.org/10.1007/s10546-005-9030-8
https://doi.org/10.1007/s10546-005-9030-8
https://doi.org/10.1016/j.pce.2009.12.010
https://doi.org/10.1016/j.scitotenv.2020.142227
https://doi.org/10.1016/j.scitotenv.2020.142227
https://doi.org/10.1029/2020GL088070
https://doi.org/10.1088/1748-9326/aba3a2
https://doi.org/10.3390/atmos12030290
https://doi.org/10.1016/j.atmosres.2020.105362
https://doi.org/10.1016/j.atmosres.2020.105362
https://doi.org/10.1016/j.envres.2021.111186
https://doi.org/10.1016/j.envres.2021.111186
https://doi.org/10.1126/science.abb6105
https://doi.org/10.1126/science.abb6105
https://doi.org/10.1016/j.scitotenv.2020.138540
https://doi.org/10.1016/j.scitotenv.2020.138540
https://doi.org/10.1073/pnas.2006853117
https://doi.org/10.1016/j.resconrec.2020.104814
https://doi.org/10.1016/j.resconrec.2020.104814
https://doi.org/10.1016/j.apr.2021.101268
https://doi.org/10.3389/fenvs.2021.654651
https://doi.org/10.5194/acp-2021-28
https://doi.org/10.5194/acp-2021-28
https://doi.org/10.1016/j.atmosenv.2020.117921
https://doi.org/10.1016/j.scitotenv.2020.141325
https://doi.org/10.1016/j.atmosenv.2021.118660
https://doi.org/10.1016/j.atmosenv.2021.118660
https://doi.org/10.1016/j.scitotenv.2020.138813
https://doi.org/10.5194/acp-12-5031-2012
https://doi.org/10.3390/atmos11040433
https://doi.org/10.13671/j.hjkxxb.2018.0169
https://doi.org/10.3390/ijerph14050471
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wang et al.

An Insight into the Transport Pathways and Source Distribution. Environ.
Pollut. 267, 115617. doi:10.1016/j.envpol.2020.115617

Zhao, Z., Xi, H., Russo, A., Du, H., Gong, Y., Xiang, J., et al. (2019). The Influence of
Multi-Scale Atmospheric Circulation on Severe Haze Events in Autumn and
Winter in Shanghai, China. Sustainability. 11 (21), 5979. doi:10.3390/
sul1215979

Zhao, Z., Zhou, Z., Russo, A., Xi, H., Zhang, J., Du, H.,, et al. (2021a).
Comparative Analysis of the Impact of Weather Conditions and Human
Activities on Air Quality in the Dongting and Poyang Lake Region during
the COVID-19 Pandemic. Atmos. Pollut. Res. 12 (5), 101054. doi:10.1016/j.
apr.2021.101054

Zhao, Z., Zhou, Z., Russo, A., Du, H,, Xiang, J., Zhang, J., et al. (2021b). Impact of
Meteorological Conditions at Multiple Scales on Ozone Concentration in the
Yangtze River Delta. Environ. Sci. Pollut. Res. 28 (44), 62991-63007. doi:10.
1007/s11356-021-15160-2

Zhao, X., Wang, G., Wang, S., Zhao, N., Zhang, M., and Yue, W. (2021). Impacts of
COVID-19 on Air Quality in Mid-eastern China: An Insight into Meteorology
and Emissions. Atmos. Environ. 266, 118750. doi:10.1016/j.atmosenv.2021.
118750

Zhou, C. J., Wei, G., and Xiang, J. (2018). Effects of Synoptic Circulation Patterns
on Air Quality in Nanjing and its Surrounding Areas during 2013-2015. Atmos.
Pollut. Res. 9 (4), 723~734. doi:10.1016/j.apr.2018.01.015

Air Quality During COVID-19

Zhou, C., Wei, G., Zheng, H., Russo, A., Li, C., Du, H,, et al. (2019). Effects of
Potential Recirculation on Air Quality in Coastal Cities in the Yangtze
River Delta. Sci. Total Environ. 651, 12-23. doi:10.1016/j.scitotenv.2018.
08.423

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Du, Zhao, Zhang and Zhou. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Environmental Science | www.frontiersin.org

100

April 2022 | Volume 10 | Article 877268


https://doi.org/10.1016/j.envpol.2020.115617
https://doi.org/10.3390/su11215979
https://doi.org/10.3390/su11215979
https://doi.org/10.1016/j.apr.2021.101054
https://doi.org/10.1016/j.apr.2021.101054
https://doi.org/10.1007/s11356-021-15160-2
https://doi.org/10.1007/s11356-021-15160-2
https://doi.org/10.1016/j.atmosenv.2021.118750
https://doi.org/10.1016/j.atmosenv.2021.118750
https://doi.org/10.1016/j.apr.2018.01.015
https://doi.org/10.1016/j.scitotenv.2018.08.423
https://doi.org/10.1016/j.scitotenv.2018.08.423
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 04 May 2022
doi: 10.3389/fenvs.2022.823973

OPEN ACCESS

Edited by:

Suvarna Sanjeev Fadnavis,
Indlian Institute of Tropical
Meteorology (IITM), India

Reviewed by:

Vijay Bhaskar Bojan,

Madurai Kamaraj University, India
Ana Alebic-Juretic,

University of Rijeka, Croatia
Predrag llic,

PSRI Institute for Protection and
Ecology of the Republic of Srpska,
Bosnia and Herzegovina

*Correspondence:
Slavica Malinovic-Milicevic
s.malinovic-milicevic@gi.sanu.ac.rs

Specialty section:

This article was submitted to
Atmosphere and Climate,

a section of the journal

Frontiers in Environmental Science

Received: 28 November 2021
Accepted: 20 April 2022
Published: 04 May 2022

Citation:

Malinovic-Milicevic S, Doljak D,
Stanojevi¢ G and Radovanovi¢ MM
(2022) Impact of the COVID-19
Restrictive Measures on Urban Traffic-
Related Air Pollution in Serbia.

Front. Environ. Sci. 10:823973.

doi: 10.3389/fenvs.2022.823973

Check for
updates
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This study has analyzed the traffic-related change in atmospheric pollutants levels (PM. s,
PMyo, CO, NO,, SO,, and Os) caused by the COVID-19 restrictive measures, based on
traffic ground-based stations data in urban areas in Serbia. The possible influence of
several meteorological factors (temperature, wind, pressure, and humidity), and mobility on
the pollutants’ levels were also considered. The obtained results showed a positive
correlation of daily NO, concentrations with mobility and its significant reduction during
restrictive measures at all selected monitoring stations. The reduction of NO» was higher
than in other countries (71.1-111.5% for measured, and 49.3-92.6% for “deweathered”
data), indicating a high traffic impact on NO, levels in Serbia. The PM, CO, and SO,
showed a weak correlation with mobility during the period with restrictive measures, which,
besides traffic, indicates the significant influence of other sources of their concentration.
The Oz concentrations were increased at all measuring stations and are negatively
correlated to mobility. Comparison of pollutant concentrations during restriction with
the equivalent period in preceding years showed reductions in NO, and SO,
concentrations. However, compared to previous years, the concentrations of PM, g,
PMio, and CO increased in the period with restrictive measures, indicating lower
sensitivity to population mobility and higher dependence on other emission sources.
The findings suggest the justification for the use of traffic reduction strategies to improve air
quality.

Keywords: air pollution, traffic, COVID-19 restrictions, meteorology, mobility, Serbia

INTRODUCTION

Air quality is one of the dominant factors that affect health and quality of life. The harmful effects of
air pollution on health are well documented, especially when it comes to pollutants such as
particulate matter, nitrogen, and sulfur oxides, carbon monoxide, and ozone (Setton et al., 2011;
Sujaritpong et al., 2014; Likhvar et al., 2015; WHO, 2021; etc). According to WHO (2018), air
pollution is responsible for 26% of deaths from respiratory diseases, 25% of cases of chronic
obstructive pulmonary disease, and 17% of cases of ischemic heart disease. Besides the influence on
mortality and morbidity, several studies conducted in major cities around the world have proven the
harmful effects of air pollutants on the course and prognosis of acute and chronic diseases in adults
and children (Elliot et al., 2016; Weber et al., 2016; Xu et al., 2016).

During the Coronavirus Disease 2019 (COVID-19) pandemic restrictive measures, many human
activities in the fields of transport, economy, and education were globally limited to prevent the
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further spread of the virus. Restrictions on human activity have
resulted in significant reductions in pollutant emissions and have
given scientists a unique opportunity to assess the impact of
limited anthropogenic emissions on air quality. Existing country-
specific case studies have reported a reduction in air pollution
during the implementation of restrictive measures, which may be
the result of reduced transport. The majority of them showed that
nitrogen oxide (NO,) concentrations significantly decreased,
while ground-level ozone (O;) concentrations increased
(Baldasano, 2020; Bekbulat et al., 2021; Briz-Redon et al.,
2021; Chen et al., 2021; Munir et al., 2021; Prats et al., 2021;
etc). Lockdown had a positive effect on particle concentrations
(PM,5, PM),) in many countries but with a less pronounced
effect (Menut et al., 2020; Betancourt-Odio et al., 2021; Ropkins
and Tate, 2021; Shi et al., 2021). Some studies also found an
increase in particulate matter (PM) concentration due to
unfavorable meteorological conditions, the contribution from
other sources, and transport from remote areas (Munir et al.,
2021; Song et al, 2021). Sulfur dioxide (SO,) and carbon
monoxide (CO) also showed a decrease during the lockdown,
but it has not been consistent (Grivas et al., 2020; Briz-Redon
etal., 2021; Chen et al., 2021; Filonchyk et al., 2021). Lenzen et al.
(2020) and Venter et al. (2020) examined the pandemic impacts
on global air quality levels. Lenzen et al. (2020) found a reduction
in greenhouse gases, PM, 5 and gaseous air pollutants (SO, and
NO,) by 4.6, 3.8, and 2.9% of the global annual levels,
respectively, while Venter et al. (2020) reported a decrease of
NO, and PM, 5 by approximately 60 and 31%.

The first case of coronavirus in Serbia was confirmed on
March 6, 2020. On March 15, 2020, the Serbian Government
declared a state of emergency (from midnight on March 16).
From then on, a series of partial and strict restrictive measures
were successively undertaken to limit the spread of COVID-19,
including the closure of schools and universities, travel
restrictions, working at home, closure of catering and sales
facilities, and ban on public gatherings. During the holidays
and the majority of weekends, starting from Friday afternoon,
a full weekend curfew was imposed on the entire territory of
Serbia. After seven and a half weeks of measures, and obtaining
successful outcomes, the state of emergency was lifted on May
6, 2020.

Studies on the impact caused by the COVID-19 outbreak on
air pollution in Serbia are quite limited. So far, the effects of the
lockdown on the level of air pollutants have been investigated in
one city (Novi Sad), only for April 2020. Davidovi¢ et al. (2021)
showed that PM, s, PM;y, and SO, levels during restrictive
measures, did not change noticeably, compared to the pre-
restrictive measures period. Having in mind the fact that the
impact of restrictive measures on air pollution has not been
analyzed in other cities in Serbia, and that measures have mostly
affected traffic reduction, the following study aimed to assess the
changes in the air quality at traffic air pollution stations linked to
COVID-19 lockdown restrictions. In particular, the study focuses
on the several criteria air pollutants (PM, 5, PM; o, NO,, SO,, CO,
and Oj;), evaluating: 1) effect of meteorological factors and
population mobility on air pollution levels; 2) variation in
daily concentrations between February 1 and June 30, 2020

COVID-19 and Traffic-Related Air Pollution
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FIGURE 1 | Location of the traffic air pollution monitoring and
meteorological stations in Serbia used in the study.

(before, during, and after restrictive measures), and 3)
difference in the mean concentration in 2020 compared to
average concentration during the equivalent period in
previous years.

MATERIAL AND METHODS
Study Area

The Republic of Serbia is positioned in Southeast Europe on the
Balkan Peninsula, between latitudes 41°and 47° N and longitudes
18° and 23° E. The country covers an area of 88,499 km’
(Statistical Office of the Republic of Serbia, 2020). The
northern part of the country is lowland, while the altitude
increases to the south. The estimated population in Serbia in
2020 was 6,899,126 (Statistical Office of the Republic of Serbia,
2021). The population is mainly concentrated at lower altitudes in
northern and central areas and along the river valleys. Nearly 60%
of Serbia’s population lives in urban areas (Drobnjakovi¢ and
Spalevi¢, 2017).

This study covers urban areas with traffic stations for
measuring air quality, which have different sizes and
population densities (Figure 1). The largest by far is the
nation’s capital, Belgrade (BG), with a population of 1.7
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million in the total city area (1.2 million in the urban city area).
Novi Sad (NS) is the second, while Ni§ (NI) is the third-largest
city in Serbia, with a population of 360,000 and 260,000,
respectively. Subotica (SU) and Pancevo (PA) are cities with
populations ranging from 100,000 to 150,000 inhabitants, while
the population of other cities covered by the study (Valjevo (VA),
Sremska Mitrovica (SM), Sombor (SO), and Uzice (UE)) is
between 70,000 and 85,000 (Statistical Office of the Republic
of Serbia, 2020).

The main sources of outdoor air pollution in Serbia comprise
the energy production sector, industrial activities, and mining. In
almost every urban municipality, traffic and individual domestic
heating additionally pollute the air. In some cities, such as UE and
VA, the unfavorable geographical position, such as valleys and
gorges, further, makes air quality even worse. The major sources
of air pollution in BG are electricity production, heating, and
industry, while for NOy, the major source is traffic (Serbian
Environmental Protection Agency, Ministry of Environmental
Protection, Republic of Serbia, 2012; Serbian Environmental
Protection Agency, Ministry of Environmental Protection,
Republic of Serbia, 2013). The specific sources of air pollution
in NS are the petrochemical industry and growing vehicle traffic
(WHO, 2019), while in NI dominate boiler rooms, individual
furnaces, traffic, and industry. In the UE, the metallurgical
industry is responsible for the emission of SO, and NO,. In
PA, the chemical industry is a source of SO,, and NO,, while
traffic and individual heating are the sources of PM. In VA, the
use of wood and coal for heating households and the frequent
occurrence of temperature inversion in the cold part of the year
lead to a large excess of PM concentrations (Stanojevi¢ et al.,
2019). In SU, SO, and SM the main sources of PM are domestic
heating and traffic.

Collection and Selection of Data on Air

Quality, Meteorology, and Mobility

To analyze the impact of COVID-19 lockdown on air quality, we
used air pollution, meteorology, and mobility data. For that
purpose, we divided all datasets into three periods: 1) before
restrictive measures (BRM), from February 1 to March 14, 2020;
2) during restrictive measures (RM), from March 15 to May 5,
2020, and 3) after restrictive measures (ARM), from May 6 to
June 30, 2020. In addition, we extracted and analyzed data for the
curfew subperiod inside of the RM period.

Air pollutant concentrations including NO,, SO,, CO, PM, s,
PM,, and Oj; for the period 2015-2020 were obtained from the
national network of automatic stations for air quality monitoring
managed by the Serbian Environmental Protection Agency
(SEPA, 2021). All measurements were performed using
precision air quality monitoring equipment with quality
assurance and quality control protocols for sampling and
analysis. According to Regulation on monitoring conditions
and air quality requirements (2013) checking the quality of
measurements, method of processing, display of results, and
assessment of their reliability, as well as adjustment and
calibration of measuring instruments is carried out according
to the prescribed measurement methods and requirements of

COVID-19 and Traffic-Related Air Pollution

SRPS ISO/IEC 17025 (Institute for standardization of Serbia,
2021). The maximum measurement uncertainty of the measured
data was within the limits prescribed in the Regulation on
monitoring conditions and air quality requirements (2013).
For a 95% confidence interval, the maximum measurement
uncertainty was 15% for NO,, SO,, CO, and Os, and 25% for
PM;y and PM, 5. Uncertainty evaluation was done according to
the methodology described in the European Committee for
Standardization (CEN, French: Comité Européen de
Normalisation) report “Approach to uncertainty estimation for
ambient air reference measurement methods” (CEN, 2002)
following the European Framework Directivel0 on Ambient
Air Quality and the associated Daughters Directives. The
national network consists of samplers/analyzers that detect
and analyze the concentration of air pollutants 24 h/day
throughout the year according to reference technical standards
(SRPS EN 14211, SRPS EN 14212, SRPS EN 14626, SRPS EN
14907, SRPS EN 12,341, SRPS EN 14625) (Institute for
standardization of Serbia, 2021). The air sampling takes place
hourly, using TELEDYNE API Model 200A for NO,,
TELEDYNE API Model 100E for SO, TELEDYNE API
Model 300A for CO, GRIMM EDM 180 for PM,s, TCR
TECORA Skypost HV for PM;y, and TELEDYNE API Model
400A for O;. Measurements and data processing were identical at
all stations. We downloaded data for the period 2015-2020 and
restricted them to consider a specific window of days each year
between February 1 and June 30 (150 or 151 days). Before
processing, to remove faulty data and inaccurate
measurements resulting from the response error of the sensor,
each data was subject to quality control by using different control
tests similar to those described by Dunn et al. (2012): the
existence of gaps in data series, occurrences of physically
impossible values and long consecutive, and occurrences of the
same value. All data (each monitoring station and each year) were
verified to determine if they will be included in the study. If any
monitoring station in each year contains <70% of data in the
specified window (70% x 150 days x 24h = 2520 data) it is
excluded from further analysis. Each period (before, during, and
after the restrictive measures) was checked whether it contained
more than 70% of the data and if not, it was excluded from further
analysis. The monitoring stations with a sufficient number of
years before 2020 were further processed to calculate base
averages. Each station with less than 3 years of measurements
in the period 2015-2019 is excluded from the analysis. After a
completeness check, data from three PM, s (BG, NS, NI), three
PM,, (BG, NS, NI), six NO, (BG, NS, NI, VA, UE, SM), five SO,
(BG, NS, NI, UE, PA), seven CO (BG, NS, VA, UE, SU, SO, SM),
and three O; (PA, SU, SO) traffic urban air pollution monitoring
stations were used.

Meteorology data including wind speed (ws), wind direction
(wd), air temperature (T), air pressure (P), and relative humidity
(RH) for each city were downloaded from the National Oceanic
and Atmospheric Administration Integrated Surface Database
(NOAA, 1901—present). Meteorological data were used to
deweather air quality data and estimate the impact of
meteorological conditions on air quality during the analyzed
period.
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FIGURE 2 | Two-way interactions between the most influential covariates: (A) PM2.5 - air temperature (T) and wind speed (ws); (B) PM10 - air temperature (T) and
wind speed (ws); (C) CO- air temperature (T) and wind speed (ws); (D) SO, - air temperature (T) and relative humidity (RH); (E) NO, -hour of the day (h) and wind speed
(ws); and (F) Og - air temperature (T) and relative humidity (RH).

TABLE 1 | Differences between measured and “deweathered” mean concentrations were shown as percentages (%) before (BRM), during (RM), and after the restrictive
measures (ARM). /* means that there is no measurement of a specific air pollutant at this particular station.

BG NS NI
PMs s BRM 0.9 17 0.9
RM 2.7 2.5 2.5
ARM ~16 0.7 25
PM1o BRM 2.0 0.4 1.0
RM 16 1.4 13
ARM 0.3 0.8 0.2
co BRM 35 0.7 /
RM -14 15 /
ARM 17 ~3.1
NO, BRM 03 33 7.2
RM -9.8 -86 -11.6
ARM 3.8 4.1 46
SO, BRM 3.9 3.0 1.2
RM -37 2.0 24
ARM 19 32 -63
Os BRM / / /
RM / / /
ARM / / /

Serbia’s community mobility data were downloaded from the
Google Community Mobility Reports (Google, 2021) and Apple’s
COVID-19 mobility trend (Apple Inc, 2020). Google datasets
show daily changes in the number of visitors to specific locations
(e.g., grocery stores; parks; transit stations) relative to the median
baseline level before the pandemic outbreak, where the baseline
level represents a normal value for that day of the week, given as
median value over the five weeks from January 3 to February 6,
2020. Google reports usually contain data for the period February
15 - December 31, 2020, however, the report for Serbia lacks data
for the period May 19- July 3, 2020. Apple’s mobility trend

VA

UE PA su SO SMm
/ / / / /
/ / / / /
/ / / / /
/ / / / /
/ / / / /
/ / / / /
38 / -126 -0.7 5.1
0.9 / -37 -0.2 -3.7
-8.0 / 38 08 3.1
28 / / / 1.3
-10.0 / / / -23
4.0 / / / 2.1
16 -0.4 / / /
-3.2 25 / / /
1.8 0.1 / / /
/ -38 -5.4 07 /
/ 1.3 2.0 1.1 /
/ -05 -08 -06 /

reports show how human mobility has changed relative to
January 13, 2020. Google transit station data and Apple
driving data were used in this analysis.

Deweathering of Air Quality Data and
Statistical Analysis

Meteorology plays an important role in air pollutant
concentrations. Considering trends, it is difficult to know
whether a change in concentration is a consequence of
emissions or meteorology. Therefore, this analysis included
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measured and ‘deweathered’ data. The ‘deweather’ package in the R
programing language (Carslaw, 2020) was used to remove the
influence of meteorology from air quality time series. This
package is based on boosted regression trees statistical technique
using the gbm package (Ridgeway, 2017). It takes into account the
complex interactions and non-linear relationships between the
variables. Without the need for prior data transformation or
elimination of outliers, it is possible to select relevant variables, fit
accurate functions and automatically identify and model interactions
(Elith et al., 2008). The advantage of the technique is to assess how a
dependent variable reacts to individual model variables, the relative
importance of different variables for prediction, and the possibility to
determine, rank, and visualize interactions between variables
(Carslaw and Taylor, 2009). Five meteorological (T, ws, wd, P,
and RH) and two temporal (hour of the day-h and day of the
week-wdy) predictors were used to develop models for each air
pollutant and each measuring station. Each model was built using
80% of the random data, while the rest of the data was used for
validation. This resulted in the “deweathered” data showing the
changes in the concentrations of air pollutants as emission
products. The boosted regression tree technique is also used to
examine the effect of meteorological conditions on air pollutants
by exploring partial dependencies. The partial dependencies show the
relationship between the pollutant and the covariates used in the
model while keeping the value of the other covariates at their
mean level.

Statistical data analysis was performed using R programming
language and Rstudio software (R Core Team, 2013; RStudio
Team, 2015). Plots of pollutant time variations and correlations
between air pollutants and meteorological parameters were
developed wusing a  purpose-built for air  quality
analysis—openair (Carslaw and Ropkins, 2012). To determine
the statistical significance of differences in 2020 air pollutant
levels versus concentration during the same period in previous
years, both observed and ‘deweathered’ data were compared using
a t-test. Values of p < 0.05 were considered statistically significant.

COVID-19 and Traffic-Related Air Pollution

TABLE 2 | Correlation analysis between Google mobility data and air pollutant
concentrations at different monitoring stations in the restrictive measures
period (RM).

PM_5 PM;, co NO, SO, 0s

-0.16 0.07 0.35% 0.60% -0.01 -0.52%

significant for p < 0.05.

RESULTS AND DISCUSSION

Influence of Meteorological Factors and
Population Mobility on Air Pollution

The interactions between the most influential covariates and
air pollutants are shown in Figure 2. The air temperature and
wind speed were the most important variables affecting PM, s,
PM;y, and CO concentrations and show a negative
correlation. The concentrations of SO, were the most
affected by low relative humidity and high temperatures,
while the concentrations of NO, are closely related to
traffic flows and tend to be higher during the afternoon
traffic peak. Concentrations of Oz concentrations are
strongly positively correlated with air temperature, and also
inversely correlated with relative humidity.

The overall effects of the weather conditions on air pollution levels
before, during, and after the restrictive measures (BRM, RM, ARM)
were shown in Table 1. Differences between measured and
“deweathered” mean concentrations were shown as percentages
(%). The negative signs show a reduction in measured air
pollutant concentrations due to favorable weather conditions,
while positive signs indicate an increase in the measured
concentration caused by unfavorable weather conditions. During
the BRM period, weather conditions were slightly unfavorable in
most places, resulting in a slight deterioration in air quality. The
exceptions were the stations in the north of the country (SU, SO, and
PA), where the weather conditions led to the purification of the air.
During the RM period, the weather conditions were the most
unfavorable for PM and O; at all stations. However, the weather
had a positive impact on the levels of NO, in all cases, and on SO, at
the majority of stations (except in NS and PA). When it comes to CO,
weather conditions have worsened the air quality in the central and
southwestern parts of the country, while in places in the north and
northwest (SU, SO, and SM) it had a positive effect. In the ARM
period, the weather had the most unfavorable effect on NO,
concentrations in all places.

A significant reduction in mobility over the RM period is expected
to reduce vehicle emissions and lead to an improvement in air quality.
Changes in mobility data as a percentage for the whole of Serbia for
the period February 1—]June 30, 2020 are shown in Figure 3. Both
sets of mobility data, Google and Apple, showed a sharp decline from
the weekend before the start of the implementation of the restrictive
measures, which began on March 15, 2020. Later, mobility data
showed a slightly growing trend from the second week of April 2020
until the end of the RM. There is a noticeable decline in mobility
during curfew on weekends, preceded by a slight increase on Fridays.
After the RM period, mobility was constantly growing until the
second week of June, when it returned to the BRM level.
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To investigate the strength of the linear relationship a
correlation between the average mobility trend (Google data)
and “deweathered” air pollution levels was performed (Table 2).
The Pearson correlation coefficients are presented in Table 2,
whereby values lower than 0.40 are considered weak, while values
higher than 0.70 are considered a strong correlation.

The highest positive correlation with mobility had NO,
concentrations, with a moderate statistically significant R-value of
0.60. This was expected as NO, is mostly emitted from traffic in
urban areas. The percentage of the mobility and NO, concentrations
reduction was similar (-67% vs. —61%, respectively) indicating a close
cause-and-effect relationship. The correlations between PM and SO,
on the one hand and mobility, on the other hand, were low and
statistically insignificant, so they can be considered negligible indicating

the higher effect of other emission sources, such as individual heating. A
statistically significant positive correlation between CO and mobility
was expected because CO is an important component of traffic exhaust
fumes. O; concentrations had a weak, but statistically significant,
negative correlation with mobility. A negative correlation of O; was
expected because lower NO, emissions from motor vehicles cause an
increase in the ratio of volatile organic compounds (VOC) to NO,
which leads to higher surface O3 concentrations.

Changes in Air Pollutant Concentrations in
BRM, RM, and ARM Periods

Variations of the measured and ‘deweathered’ concentrations of
air pollutants in percent (%) for the RM and ARM periods
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FIGURE 5 | Hourly and weekly cycles of pollutants concentrations in Serbia before (BRM), during (RM), and after the restrictive measures (ARM) periods for (A)

compared to the BRM period are presented in Figure 4. The
hourly and weekly cycles of all measured pollutants for BRM, RM,
and ARM periods are given in Figure 5.

Measured and ‘deweathered” NO, concentrations decreased
significantly at all measurement sites during the RM period
(71.1-111.5%, and 49.3-92.6%, respectively). The percentage of
decrease was higher than those reported in the other studies
(Grivas et al., 2020; Donzelli et al., 2021; Fenech et al,, 2021; Shi
et al, 2021), indicating that the impact of traffic on NO, levels in
Serbia is greater than in other countries. The substantial impact of
traffic on air pollution in Serbia is due to the fact that vehicles in
Serbia (and in groups in Southeast Europe in general) emit
significantly more air pollutants than in the rest of Europe.
Although Serbia has solved the problem of importing vehicles
with particularly high air pollutants by prohibiting imports of old
vehicles and vehicles with low European emission standards, the
vehicle stocks in Serbia consist of vehicles with an average age of more
than 11 years and a low proportion of new vehicles (Velten et al,
2020). Serbia imports low-cost vehicles, which have a substantial

impact on air pollution due to excessive kilometers traveled or other
shortcomings of vehicles that lower their price. In the ARM period,
NO, levels increased relative to the RM period (10-30% for raw, and
9-20% for “deveathered” data), but concentrations remained below
those in the BRM period (23.7-62.8% for raw, and 11.2-61.5% for
“deveathered” data). This was expected because population mobility
during the ARM period was still lower than during the BRM period.
Changes in O; concentrations were also uniform through all
measuring stations. Similar to other studies (Chen et al, 2021;
Fenech et al, 2021; Herndndez-Paniagua et al., 2021; Song et al.,
2021), during the RM and ARM periods, there is an increase in O
levels (Figure 4F). Being a secondary pollutant, the production of O;
is associated with the changes in meteorological conditions and NO,
and VOCs concentrations. The decrease in NO; from motor vehicles
in the RM period, while the amount drop of VOC is not as large as
NO;, is linked to a reduced titration effect of O; by NO, and leads to
higher O; concentrations. An increase in Oj; in the late spring and
early summer ARM period is associated with higher insolation and
temperatures.
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pollutant levels in each city under the study between 2020 and average
concentrations in the period 2015-2019.

For PM, the relationship between the decrease in PM,, and
PM, 5 concentration and restrictive measures was unclear and
inconsistent (Figures 4A,B). A moderate reduction was observed
in BG and NI in comparison to the BRM period, followed by a
significant reduction during the ARM period, while NS
experienced an increase in PM,s and PMj,. An increase in
PM in NS may indicate the presence of local sources emitting
particles that were active in the RM period. According to

COVID-19 and Traffic-Related Air Pollution

Davidovi¢ et al. (2021), in the period March 26th-28th the
transport of particles from the Aralkum Desert in Asia
additionally contributed to the increased concentrations in NS.
The raw and “deweathered” data variations (%) for PM, 5 ranged
from -67.5 to +8.6% and -69.8 to +4.7%, respectively which is
within the range of values reported by Gao et al. (2021). Similar to
the PM, changes in SO, and CO levels in the RM period were
uneven and city-specific. At most measuring stations, the changes
of SO, during the RM period compared to the BRM period were
relatively small, up to 11%, except in BG (Figure 4D). The levels
of CO (both, raw and “deweathered”) showed a significant
decrease in the RM period at stations in the central and
southern part of the country (from -16.3% to -64.7%, and
from -13.0% to -50.0%, for measured and “deweathered” data,
respectively), while at stations in the north levels of CO increased
(SU, SO, and NS).

Hourly and weekly profiles of pollutants in the BRM, RM, and
ARM periods contribute to the understanding of the effect of
traffic on air pollution (Figure 5). Hourly profiles of NO, and SO,
showed two peaks, in the morning (7-9h) and afternoon
(16-19 h), which is expected as the levels of traffic flows are
the highest during those periods. It also showed a reduction in the
afternoon peaks NO, and SO, during the RM period indicating a
link with reduced mobility. During all three periods, the hourly
and weekly variations of PM, 5, PM;, and CO showed a similar
trend, which is to be expected (Figures 5A-C). Measured hourly
concentrations during BRM and RM periods revealed a decrease
throughout the night (between 00 and 06 h), then an increase
between 06 and 10 h, and a drop between 10 and 15 h. During the
afternoon, concentrations increase, and the highest peak of the
day was achieved between about 19 and 22 h. The late evening
peak is linked to both daily changes in the thickness of the
atmosphere’s boundary layer, which thins during the night, and
an increase in emissions from households, such as heating
(Vicente et al,, 2015; Gama et al,, 2018). Higher temperatures,
a thicker boundary layer, and lower emissions due to heating
during the warmer half of the year result in lower concentrations
during the ARM. The same hourly and weekly CO to PM trends,
as well as similar daily CO profiles during the BRM and RM
periods, indicate that individual residential heating is the primary
source of this pollutant. During the RM period, a weekly pattern
of all pollutant values revealed an increase in concentrations on
Fridays. It can be explained by the fact that every weekend during
the RM period, a curfew was in force, therefore on Fridays, a large
percentage of the population went shopping and traveled to the
countryside.

Changes in Air Pollutant Concentrations
During the RM Period in 2020 Vs. Average
Concentration During the Same Period in

Previous Years

For each city, percentage variations in pollutant levels between 2020
and average values in the corresponding period 2015-2019 were
calculated to see if pollution concentrations during the RM period
were different from those in previous years. Figure 6 presents
variations of raw (Figure 6A) and “deweathered” data (Figure 6B).
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In the majority of cities, PM, CO, and Oj levels increased, while
NO, and SO, levels decreased in 2020 compared to previous years’
averages. Although a decrease in concentrations of PM, 5 and PM;,
compared to previous years average can be expected, a consistent
reduction cannot be seen across all cities, as is the case in Serbia.
Similar to finding in Serbian cities, Briz-Redon et al. (2021) reported
an increase in PM, levels compared to the year 2019 in several
Spanish cities by more than 35%, while Bar et al. (2021) reported
higher PM, 5 concentrations in Springfield, Lincoln, and Bismarck in
2020 than in 2019. Higher concentrations of PM and CO in Serbian
cities during the RM period in 2020 compared to the same period
2015-2020 can be attributed to an increased contribution of
emissions from household heating given that the average
temperature in cities during the RM period 2020 was lower
between 10.5 and 16.9% than in previous years. The high levels of
PM during the RM period can also be attributed to the unusually dry
period in April 2020 (Republic Hydrometeorological Service of
Serbia, 2021). The highest reduction relative to previous years was
in NO, concentrations, up to above 40%. Those results are similar to
findings in the other studies (Baldasano, 2020; Bekbulat et al., 2021;
Collivignarelli et al., 2020; Lovri¢ et al, 2021; etc.). For example,
Munir et al. (2021) reported a decrease of 37.3-55.5% in NO, levels in
three urban areas in Northern England during the lockdown period
compared to values in 2019. When compared to the same dates in
2018 and 2019, NO, concentrations in urban areas of Poland
decreased in the range of 53-38.7% in April and May 2020
(Filonchyk et al, 2021). These findings indicate that atmospheric
NO, is much more sensitive than PM and CO to population mobility.

CONCLUSION

This study focuses on the effects of the restrictive measures due to
the COVID-19 pandemic on air pollutants levels at traffic
measuring stations in Serbia. The influence of meteorological
factors and reduced mobility on the levels of pollutants has been
quantified. The analysis of pollutants concentrations was
performed for the RM in comparison to BRM and ARM, as
well as against the averages in preceding years.

Obtained results showed that the daily concentrations of
NO, (a primary pollutant produced directly by vehicle
emissions) were significantly reduced at all the selected
monitoring stations. A percentage reduction of NO, was
higher than in other countries, indicating a high impact of
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The high level of aerosol pollution in South Asia has a measurable impact on
clouds, radiation, and precipitation. Here, exploring multiple observational data
sets and simulations of the state-of-the-art ECHAM6-HAMMOZ chemistry-
climate model, we report that the reduction in anthropogenic emissions during
the COVID-19 lockdown period has enhanced precipitation by 5-25% over
India. This precipitation enhancement is the result of the combined effect of an
enhancement in cloud cover, a reduction in aerosol induced cloud invigoration
and dynamical changes. We observed that the increase in cloud cover was
associated with a reduction in cloud base height and an increase in the effective
radius of cloud particles which led to an increase in cloud water content. In
response to sudden emission reduction, an anomalous northward moisture
transport was observed adding convection and precipitation over the Indian
region. Importantly, we show that there is an advantage of anthropogenic
pollution reduction for water availability in addition to benefits of air quality,
human health, and crop yield.

KEYWORDS

COVID-19, emission reduction, regional climate, precipitation enhancement, cloud
properties

1 Introduction

Environmental deterioration in the South Asian region as a result of rising levels of air
pollution has harmed people’s health (Chowdhury et al., 2018; Balakrishnan et al., 2019;
Manisalidis et al., 2020), reduced crop yield, and hence has damaged the economy (Gu
et al,, 2018). Ground-level pollutants are known to cause serious impacts on people’s
health (Ghude et al,, 2016). Additionally, the elevated level of aerosol pollution is prone to
impact the hydrological cycle (Ramanathan et al., 2005; Lau et al., 2006; Fadnavis et al.,
2019, Fadnavis et al.,2013). However, the lockdown restrictions imposed to control the
transmission of the Corona-Virus Disease 2019 (COVID-19) caused a drastic reduction in
emissions of pollutants globally (Isaifan, 2020; Navinya et al., 2020; Sanap, 2021).

On 11 January 2020, the World Health Organization (WHO) declared a worldwide
health emergency due to the COVID-19. The disease was initially discovered in late
December 2019 in China (Muhammad et al., 2020; Pandey et al., 2020). To prevent
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widespread transmission and an increase in the death toll,
countries around the world imposed a complete or partial
shutdown of human activities, starting primarily in March
2020. From March 23 until 31 May 2020, South Asia
(including India) and south-east Asian countries implemented
the first lockdown phase. As a result, anthropogenic emissions
from transportation, urban areas, and industries were reduced
significantly during this period (Zhang et al., 2021). According to
past studies, the lockdown induced less human activity, which
indirectly helped in improving air quality around the planet
(Zhang et al., 2021; Menut et al., 2020; Lou et al., 2022). Over a
large part of the globe, concentrations of major pollutants were
found to be lower compared to their long-term mean (past
10 years), in particular NO, (nitrogen dioxide) (by -30%
to —=50%), SO, (sulphur dioxide) (by —-20% to -35%), CO
(carbon monoxide) (-15% to —20%), and particulate matter
PM,s and PM;, (by up to 49%). Several studies have
documented a decrease in aerosol and other gaseous
concentrations over China (Bao and Zhang, 2020; Bauwens
et al, 2020) as well as over India (Gautam, 2020; Mahato
et al., 2020; Navinya et al., 2020)

Anthropogenic emissions from various sources, including
transportation, industry, and other commercial sectors, as well as
agriculture, contribute to South Asia’s long-standing air
pollution problem. Restrictions imposed during the COVID-
19 lockdown period resulted in reducing high levels of pollution
in Asia, particularly over hotspot regions such as East Asia, the
Indo Gangetic Plains (IGP), the Indonesian region, and eastern
China, according to in-situ and satellite observations (Liu et al.,
2021, Venter et al.,, 2020). A recent population density estimate
shows the high population density over IGP (Supplementary
Figure S1). Even if only for a short time during the lockdown
period (April-May 2020), reduced pollution levels may pause (or
even temporally reverse) increasing trend in anthropogenic
aerosol emissions over South Asia.

Atmospheric aerosols interact with the earth’s radiation
directly and through clouds via the indirect effect. The aerosol
over South Asia attenuates solar radiation by 10-25 W m™ (Li
et al, 2016). Changes in anthropogenic aerosol emissions
contribute to changes in surface air temperature, low-level
humidity, atmospheric circulation, Upper Troposphere and
Lower Stratosphere (UTLS) processes, and even rainfall
patterns (Ramanathan et al., 2005; Bollasina et al., 2014; Vinoj
etal, 2014; Liet al.,, 2016; Fadnavis et al., 2018). Aerosol particles
act as cloud condensation and ice nuclei, therefore, modulating
the nature of the cloud by changing cloud brightness, thickness,
and lifetime (Twomey, 1977; Albrecht, 1989; Zhao et al., 2018).
These cloud properties further interact with cloud radiation
features and indirectly with circulation and precipitation.
However, our scientific understanding of aerosol-climate
interactions is still incomplete (Stocker et al,, 2013; Li et al,
2016). Due to the complex nature of aerosol-cloud interactions,
there is large uncertainty in estimating the cloud susceptibility for
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aerosol emission changes and quantifying radiative impacts of
aerosols in varying emission and meteorological scenarios
(Stocker et al,, 2013; Li et al,, 2016). It is crucial to resolve
such uncertainty to understand the future global and regional
climate responses to the combination of emissions of greenhouse
gases and aerosols (Samset et al., 2016; Myhre et al,, 2017).
The first phase of the COVID-19 lockdown provides us with
a unique opportunity to study the possible regional climate
response to short-term reductions of atmospheric gases and
pollutants. Here, we investigate the effects of the reductions in
regional atmospheric concentrations of several gases and
anthropogenic aerosol on rainfall, clouds, water vapour, and
consequently on rainfall over South Asia during the lockdown
period April-May 2020. For this purpose, we use the state-of-art
ECHAMS6.3-HAM2.3-MOZ1.0 aerosol-chemistry climate model
(Schultzetal., 2018; Tegen et al., 2019). The goal of our study is to
isolate the effect of the Asian anthropogenic pollution on clouds
and precipitation during April-May caused by the COVID-19
restrictions. There is a large volume of COVID-19 related studies,
but most of them are mainly focused on air quality
improvements (Navinya et al, 2020; Dumka et al, 2021;
Manchanda et al., 2021). A recent study by Yang et al. (2022)
showed that the COVID-19 induced substantial reduction in
(GHGsS)
strengthened the summer atmospheric convection over eastern
China and further intensified rainfall. The study also highlighted
that the impact of aerosol are stonger over GHGs on change in

anthgropogenic aerosols and greenhouse gases

precipitation. Hence, we suggest detailed modelling studies,
which may shed further light on the link between aerosol
reduction and associated regional climatic effects (Khatri
et al., 2021).

While a few studies investigated the associations between
rainfall during monsoon season and COVID-19 lockdown
(Fadnavis et al,, 2021; Kripalani et al., 2022), those are mostly
linked to the change in atmospheric dynamics and not to the
roles of clouds for the observed changes in rainfall. Additionally,
accurate aerosol-climate impact assessments are essential in
implementing future national and international air pollution
mitigation strategies.

This paper is organised as follows. Section 2 explains the
details of the model experiments and datasets used in this study.
Major findings from the analysis are presented in Section 3, a
mechanism for rainfall enhancement is proposed in Section 4,

-

followed by a summary and conclusion in Section 5.

2 Material and methods

2.1 The model description and the
experimental set-up

We adopt the reductions in anthropogenic emission due to
the COVID-19 restrictions based on the activity decline in
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mobility data from Google and Apple following Forster et al.
(2020) (Supplementary Table S1 and see Fadnavis et al., 2021 for
details). The model comprises of three sub-modules 1) the
ECHAM6 2013)
circulation module, 2) the MOZ tropospheric chemistry
module (Schultz et al, 2018; Tegen et al, 2019), and 3) the
Hamburg Aerosol Model (HAM). The HAM submodule predicts
nucleation, growth, evolution, and sinks of sulphate (SO4*),

(Stevens et al, atmospheric  general

black carbon (BC), particulate organic matter (POM), sea salt
(SS), and mineral dust (DU) aerosols (Stier et al., 2005; Zhang
et al, 2012). The MOZ submodule describes the trace gas
chemistry from the troposphere to the lower thermosphere,
including 108 species, 71 photolytic processes, 218 gas-phase
reactions, and 18 heterogeneous reactions with aerosol (Schultz
et al, 2018). We performed the model simulations at the
T63 spectral resolution i.e., 1.875°x 1.875° in the horizontal
and 47 levels in the vertical from the surface to 0.01 hPa
(corresponding to approximately 80 km), with a time step of
20 min. Details of emissions (anthropogenic, biomass burning,
biogenic, fossil fuel, etc.) are reported by Fadnavis et al. (2021).
The ECHAM6-HAMMOZ model experimental set-up and
simulations details are as described by Fadnavis et al. (2021).
While Fadnavis et al. (2021) report the impact of COVID
lockdown emission reduction on the Indian summer monsoon
precipitation, here, we show the effect of emission reductions on
clouds during spring 2020 (April-May).

The simulation consists of two sets of ten-member ensemble
simulations 1) the control experiment, referred to as CTRL
hereafter, and 2) the sensitivity experiment for the reductions
in anthropogenic emission due to the COVID-19, referred to as
C19, hereafter. Other sets were created from initial conditions
with the start time shifted by 1 day from March 1-10 and then
simulated for a year to obtain stabilized fields. The initial and
boundary conditions for both sets of simulations were set to the
year 2016. The year 2016 was chosen because the El Nino-
Southern Oscillation (ENSO) and the Indian Ocean Dipole
(IOD) were both in a neutral phase, making it perfect for
isolating COVID-19 emission influences. This way we avoid
interference of impacts COVID emission changes with of
ENSO or the Indian Ocean dipole. Both tests use the same
dust emission parameterization based on Tegen et al. (2002).

2.2 Observational datasets

To evaluate the model aerosol optical depth (AOD), we have
used the Level 3 AOD from the Moderate Resolution Imaging
Spectroradiometer (MODIS). MODIS is onboard the Terra/
Aqua satellites and provides daily aerosol products (Levy
et al, 2010; Namdari et al, 2018). MODIS has a view scan
of £55° and an orbit of 700 km above the ground. MODIS AOD is
extensively used in aerosol related studies. More information is
available at http://modis.gsfc.nasa.gov/. Additionally, to add
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confidence to the modelled AOD, we have compared MODIS
with Modern-Era Retrospective Analysis
Applications, Version 2 (MERRA-2) aerosol data assimilated
from Goddard Earth Observing System-5 (GEOS-5) atmospheric
general circulation Model (Gelaro et al., 2017). The GEOS-5
coupled with Goddard Chemistry Aerosol Radiation and

Research and

Transport (GOCART) model and aerosol observations from
space for better representation of aerosols in the model
(Buchard et al., 2014).

The NOAA Interpolated Outgoing Longwave Radiation
(OLR) data are used as a proxy of cloud cover/water vapour
during the study period (April-May 2020). OLR values are often
used as a proxy for convection/cloud in tropical and subtropical
regions. In addition, the ERA-5 reanalysis datasets (Hersbach
et al., 2020) are used for cloud cover, cloud base height, and
precipitation information. The horizontal resolution of ERA5 is
~31 km, and there are 137 model levels (from the ground up to
0.01 hPa). ERA5 uses the IFS Cy4lr2 4D-Var assimilation
system. The India Meteorological Department (IMD) gridded
rainfall datasets (Dash et al., 2006; Srinivas et al., 2013) have also
been used to compare the observed IMD precipitation with the
model derived precipitation. It should be noted that the analysis
is performed for the national lockdown period across India in
2020, ie., for April and May (lockdown period hereafter). For
variables using observational data, the anomalies and percentage
changes are determined by comparing mean of April-May
2020 to the mean of April-May for five-years 2016-2019. On
the other hand, we employ the C19 and CTRL simulations for
similar from the model

computations (averaged over

10 ensemble members).

3 Results and discussions

3.1 AOD changes due to anthropogenic
aerosol reduction over South Asia

The simulated aerosol optical depth (AOD) anomaly is
evaluated against the MODIS satellite observation and
MERRA-2 during the lockdown period (Figure 1). When
AOD is compared to its five-year mean, both MERRA and
MODIS reveal a significant reduction in AOD over India
(between 10% and 40%). Polluted areas, such as the IGP,
show a significant decline in AOD (MODIS: 30-40%,
Model: 5%-25%, MERRA: 10%-30%). The drop in AOD
across the Bay of Bengal (MODIS: 10%-40%, MERRA:
10%-25% MODEL: 10%-30%), on the other hand, could be
related to a weaker aerosol outflow from the IGP. Every spring,
aerosol pollution is transported from the IGP to the Bay of
Bengal (Thomas et al., 2021). The reduction in anthropogenic
pollution over the IGP during the lockdown period resulted in
the transport of less aerosol to the Bay of Bengal than in prior
years (five-year mean). The slight enhancement in AOD
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FIGURE 1

(A) Percentage change in aerosol optical depth (AOD) averaged for the lockdown period (mean of April-May 2020 - mean of April-May
2016-2019) calculated from (A) MODIS satellite observation, (B) MERRA-2 reanalysis, (C) ECHAM6-HAMMOZ simulated AOD anomalies
(C19—CTRL) averaged over 10 members. Hatching shows the area where mean differences between C19 and CTRL are statistically significant at a

95% confidence level.
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FIGURE 2

Spatial distribution of anomalies (2020 —mean of 2016—-2019) averaged for the lockdown period for (A) Low Cloud Cover (ALCC) and (B) Cloud
Base Height from ERAS5 (ACBH). The rest of the figures are for simulated anomalies (C19—CTRL) averaged over 10 members and for the lockdown
period, (C) outgoing longwave radiation (AOLR, %), (D) Cloud Effective Radius (A CER, ym), (E) Short Wave Cloud Radiative Forcing (ASWCRF, %), (F)
Longwave Cloud Radiative Forcing (A LWCRF, %). Hatching shows the area where mean differences between C19 and CTRL are statistically

significant at a 90% confidence level.

anomalies over central and southern India (both in MODIS
and MERRA-2) could be attributed to particle growth in
response to changes in relative humidity, atmospheric
background conditions, or agricultural fires (Pandey and
Vinoj, 2021; Sanap, 2021). It is worth noting that the
simulated  ensemble AOD may qualitatively
approximate the spatial pattern of AOD from MERRA-2
and MODIS. Anomalies of simulated AOD show fair
agreement with Aerosol Robotic Network (AERONET)
ground based observations at Kanpur Lon: 80.23°E, Lat:

mean
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26.51°N), Lahore (Lon:74.26°E, Lat:31.48°N) and Gandhi
Collage (Lon: 84.12°E, Lat: 25.87°N) in the Indo-Gangetic
Plain during the lockdown period (mean of April-May
2020- mean April-May during 2016-2019) (Fig. S2a). As a
result, the model may be used to analyze the response of
emission reductions that may have occurred as a result of the
COVID-19 lockdownMany previous studies (Fadnavis et al.,
2021, 2018) reported satisfactory model performance versus
multiple observations for AOD, absorbing aerosol index,
precipitation, mixing ratio black carbon aerosol, cloud ice, etc.
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3.2 Cloud response to the reduction in
anthropogenic aerosol emissions

Changes in aerosol field emission caused by the lockdown
could have had an impact on radiation and cloud characteristics
(Timmermann et al., 2020; Khatri and Hayasaka, 2021). Here,
we show changes in cloud parameters in response to aerosol
changes during the lockdown period. The ERA5 reanalysis
revealed an unusual increase in the low cloud (>5%) and a
drop in cloud base height (CBH) (>500 m) during the lockdown
period in 2020 (Figure 2A,B). These characteristics are
particularly noticeable over the IGP and adjacent regions,
where the most significant reduction in aerosols was
observed (Figure 1).

The anthropogenic changes during the lockdown period
may be reflected in the shift in cloud microphysical features
and accompanying atmospheric conditions. The model
simulations show the response of cloud properties to the
anthropogenic aerosol reduction (Figure 2). There is an
unusual drop in outgoing longwave radiation in model
simulations and an increase in cloud effective radius
2C,D).
anomalies have also shown a similar reduction (1.6%-4%)

(Figures NOAA’s outgoing longwave radiation
as observational evidence (Supplementary Figure S2b).

The locations of maximum decrease in outgoing longwave
radiation are co-located with the location of maximum increase
in low clouds (Figure 2C) and maximum reduction of aerosol
optical depths (Figure 1). Additionally, a decrease in aerosol
loading over the IGP has resulted in a decrease in shortwave
(—=10% to —40%) and an increase in longwave (10%-50%) cloud
radiative forcing anomalies (Figure 2 e-f). These results also
support the increase in cloud cover. The strong negative short
wave cloud radiative forcing over the IGP is partly compensated
by the longwave induced warming (Figures 2E,F). It is known
that both droplet size and cloud cover are reduced in the
presence of absorbing aerosols (Hansen et al., 1997). There
is a reduction in simulated absorbing AOD (BC) by 10-30%
over the Indian region. As a result of reduced AOD resulting in
an enhancement in cloud cover (Figures 2A,B) and a higher
cloud effective radius (Figure 2D), such cloud burning
(reducing) efficiency (also known as aerosol semi-direct
effect) could have been reduced over the Indian region
in 2020,
C19 simulation as a response to reduced AOD, resulting in

(strong decrease over the IGP) as seen in
large cloud cover.

From our model simulations, the changes in cloud
parameters in 2020 (C19—CTL) indicate the response of
clouds to anthropogenic emission reduction (Figure 2). It is
well known that in the presence of an anomalous increase in
aerosol loading, cloud invigoration may take place, i.e., in
response to increased aerosol number concentration; there
can be a decrease in cloud-droplet size (Rosenfeld et al., 2014;
Zhao et al., 2018; Khatri et al., 2021). This may further lead to
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vertical cloud growth and conversion of a water cloud into an
ice cloud. Since, large amounts of aerosol in the atmosphere
help in enhancing cloud vertical movement that leads to an
increase in the conversion of water clouds to ice clouds due to
the combination of rain inhibition and vertical growth
(Rosenfeld et al., 2014; Khatri et al., 2021).

The model simulations (an increase of effective radius as a
proxy for cloud droplet size, Figure 2D) and ERA5 indicate that
this aerosol invigoration impact may have been suppressed
because of the aerosol reduction in 2020 (COVID condition)
(reduction in cloud base height). An increase in cloud effective
radius further results in larger cloud droplets, which leads to less
droplet evaporation and further modulation of precipitation
(discussed in Section 4).

We also present the averaged vertical distribution of
aerosol extinction and cloud parameters over the IGP
region (78-90°E,
reduction occurred (Figure 3). Figure 3A shows negative

18-27°N, where the greatest aerosol

anomalies in aerosol extinction with a maximum decrease
near the surface. Interestingly, there is an increase in cloud
droplet effective radius between 1,000-400 hPa (Figure 3B,
max up to 0.6 + 0.2 microns at 800 hPa). Consistent with our
results, Khatri et al., 2021, also observed an increase (in the
range of 10 - 20%) in cloud effective radius values over the IGP
in 2020 compared to previous years. Furthermore, anomalous
lower-level circulation/meteorological feedbacks may be
responsible for a large increase in low level (below 500 hPa)
3CF)
reduction aerosol

relative and specific humidity profiles
3.3). In the
emission/pristine scenario (Like the C19 case), features are

(Figures
(discussed in Section
conducive to the enhancement in cloud effective radius/
droplet size (Jayaraman, 2001). The reduction in cloud
droplet evaporation further helps in increasing cloud cover
(Figure 3D) and precipitation. A recent study of the conditions
over China (Yang et al., 2022) shows an enhancement in cloud
cover at all the levels of the atmosphere in response to
COVID-19 aerosol emission reduction, in support of our
findings.

3.3 Possible response of atmospheric
conditions to emission changes

This section covers the possible effects of reduced
anthropogenic emissions on atmospheric conditions. The
response of near-surface air temperature is shown in
Figure 4A. The eastern part of the IGP and the southeast
Indian regions have experienced significant warming. This
increased temperature could be explained in part by the
reduction of aerosol pollution in the atmosphere, which
increases incoming solar radiation and thus short-wave
warming (Fadnavis et al, 2021). The east-west dipolar
temperature response (Figure 4A) (warming over North East
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Area averaged (78:90°E, 18-27°N) ECHAM6-HAMMOZ simulated anomalies (C19—CTRL) averaged over 10 members and for the lockdown
period for (A) Aerosol extinction coefficient (km™), (B) cloud effective radius (ACER, um), (C) relative humidity (ARH, %), and (D) cloud cover (%), (E)
cloud water (gm kg™), (F) specific humidity (gm kg™). The shading represents the standard error of the difference of the means.
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Spatial distribution of ECHAM6-HAMMOZ simulated anomalies (C19—CTRL) averaged over 10 members and for lockdown period for (A) 2 m air

temperature (AT2m, °C) (B) heating rate (averaged over 70-90°E, AHR, K d™) (C) column integrated moisture flux divergence (1,000-300 hPa),
arrows indicate column integrated moisture flux (kg m™ s™), (D) specific humidity (averaged for 1,000-500 hPa, gm kg™),(E) relative humidity
(averaged for 1,000-500 hPa, %) and (F) cloud water (averaged over the surface to 500 hPa, gm/kg).

divergence(s™)

India and cooling over the North-West India and Pakistan
region), however, does not precisely follow the regions of

West India and Pakistan region is due to subsidence in return to
the ascent over North India - Tibetan Plateau region (80-90°E,

pollution reductions (Figure 1). The cooling over the North- 20-30°N) (Supplementary Figure S3). These circulation
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changes are the response to changes in convection, cloud, and
associated cloud radiative forcing (Figure 2). Additionally, the
heating rates (averaged over 70-90°E, Figure 4B) show warming
(>0.015K d™") in the lower troposphere over northern India
and at the foothills of the Himalayas. The high elevated Tibetan
Plateau region (TP) also shows moderate heating
(~0.005K d™") that has further extended vertically to the
200 hPa level (Figure 4B). The heating over these regions is
conducive to the early onset of the monsoon (during May-June)
and enhanced rainfall over north India, as suggested by
previous studies (Lau et al, 2008, 2006; Lau, 2016). The
mechanism proposed by Lau et al. (2006) mainly points to
the presence of absorbing aerosols (dust and BC) as the reason
behind elevated heating and rainfall enhancement (known as an
elevated heat pump or EHP). A recent study showed that there
is anomalous dust transport towards Tibetan Plateau regions
from Taklamakan (North-Western Asian desert regions) as a
response to COVID-19 induced circulation changes during
April-May 2020 (Fadnavis et al, 2021). Another recent
(2022) also discussed
COVID-19 emission induced enhancement in atmospheric
S3b dust
migration from the Taklamakan desert to the Tibetan
Plateau. Dust AOD is anomalously enhanced by 20%-40% in
the Tibetan Plateau region. The total warming in the North

modelling study by Yang et al

heating rates. Supplementary Figure depicts

India-TP regions occurs because of the combined effect of
anthropogenic emission reduction as well as elevated natural
aerosol (dust) induced warming (EHP).

Moisture flux convergence (MFC) is a popular matrix to
study precipitation by linking it to both moisture and
precipitation (Fasullo & Webster 2003). The detailed theory
and mathematical calculation of MFC are provided in
Appendix A. A negative divergence (convergence) correlates
with  the of
(Chansaengkrachang et al,

maximum
2018). A
anthropogenic pollution reduction is an overall moisture flux

well area precipitation

response to
convergence observed over a large part of the north and central
Indian region (Figure 4C), (moisture sink). Both Bay of Bengal
and the Northern Arabian Sea act as a moisture sources with
strong positive MFC (divergence).

In response to sudden emissions reductions, the aerosol
effects were mainly mediated through fast climate responses
including changes in large scale atmospheric circulation (Wang
etal,2017; Lin et al.,, 2018; Wing et al., 2017; Lin et al., 2018). A
change in surface circulation pattern is also observed in
response to anthropogenic pollution reduction
(Supplementary Figure S3c). The dynamic changes induced
by the reduction in anthropogenic emissions have produced an
anomalous cyclonic circulation over the Bay of Bengal region.
In a different context, Vinoj and Swain (2020), observed
enhancement of the atmospheric circulation related to a
cyclone during the COVID-19 lockdown’s low emission

phase. Our model simulations show that significant surface
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heating as a response to emission reduction resulted in an
anomalous low-pressure zone over the Indian region with two
high-pressure zones to India’s east and west sides
(Supplementary Figure S3c). Such blocking high patterns
control the surface level moisture transport (Fadnavis et al.,
2021). Moderately strong wind flow from the oceanic regions
(the Bay of Bengal and Northern Arabian Sea regions) towards
the Indian mainland (Figure 4D; Supplementary Figure S3C)
enhances moisture/specific humidity and clouds over the IGP
and North West regions of India (Figures 4E,F) eventually

conducive for rainfall enhancement.

3.4 Observed and simulated changes in
rainfall

According to the India Meteorological Department (IMD),
India had 158.5mm of rainfall during the pre-monsoon
2020 season, which was 20% more than the long-term average
(1961-2010). In observed datasets e.g., Global Precipitation
Climatology Project (GPCP) (Figure 5A) and IMD, positive
rainfall anomalies can be noted (Figure 5B). Both the GPCP
and IMD datasets agree rather well with the simulated rainfall
anomaly (C19 minus CTRL).

Both observation and simulated rainfall, anomalies show a
north-east enhancement and south-west reduction, forming a
dipolar rainfall pattern. It is also worth noting that the rise in
rainfall in all datasets corresponds to places with significant
decreases in anthropogenic pollution (Timmermann et al,
20205 Lee et al.,, 2021; Kripalani et al., 2022; Yang et al., 2022).
The ERAS5 reanalysis results also show a comparable spatial
increase in rainfall (Figure S4), justifying the model results.
All data sets and model simulations show an increase in
rainfall by 0.04-2 mm/day (5%-25%) over the eastern IGP
and nearby regions.

4 Possible mechanism behind
enhanced rainfall

Precipitation can be influenced by both scattering and
absorbing aerosols through microphysical and dynamical
processes A simple schematic is shown in Figure 6 to
highlight the links between the emission reduction due to
the COVID-19 lockdown and the observed increase in cloud
and precipitation. Over a wide region within South Asia, there
was a more than 40% drop in atmospheric aerosol loading
(AOD) during the lockdown period, April-May 2020 (Figure 1),
compared to its long-term mean (2016-2019). A recent
modelling study for the conditions in China shows that the
reduction in aerosols had a stronger impact on precipitation
than the decrease of greenhouse gases during the COVID-19
lockdown (Yang et al., 2022).
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(A) Spatial distribution of anomalies in rainfall (2020—mean of 2016—-2019) averaged for the lockdown period from (A) Global Precipitation
Climatology Project (GPCP), (B) India Meteorological Department (IMD), and (C) ECHAM6-HAMMOZ simulations averaged over 10 members (C19 -
CTRL). The hatching shows the area where mean differences between C19 and CTRL are statistically significant at a 90% confidence level.
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Schematic of the possible mechanism behind the COVID-19 pollution reduction and observed changes in cloud and precipitation over South
Asia. (A) shows a normal emission condition and (B) explains the reduced emission (COVID-19) condition.

The cloud base height dropped by more than 500 m over the
IGP and neighbouring regions, and low cloud cover increased
significantly (C19—CTRL) (Figures 2A,B). Over the regions of
cloud cover enhancement, there was warming effect caused by
longwave cloud radiative forcing. However, there is cooling effect
due to short wave radiative forcing which is due to cloud
enhancement (Figures 2E,F). Furthermore, positive moisture
feedback from the Bay of Bengal, Northern Arabian Sea to the
Indian peninsula, combined with a reduction in cloud
invigoration, favours low clouds with larger cloud droplets
(Figure 4). Such situations are conducive to the enhancement
of rainfall activity (Figure 5). The enhanced pre-monsoon rainfall
during lockdown may further increase the latent heat release (not
shown) and help in trapping more moisture in the lower
atmosphere, allowing for more low clouds to develop

Frontiers in Environmental Science

119

(Timmermann et al., 2020; Yang et al., 2022), and resulting in
increased precipitation. Thus, observed rainfall enhancement
over India during the lockdown period may be due to the
combined effect of the following:

(1) Anthropogenic forcing (emission reduction during the
COVID-19)
atmospheric dynamics, and thermodynamical feedback.

As a response to the emission reductions, favourable
conditions for cloud augmentation (Khatri et al, 2021)

imposed changes in cloud parameters,

2

and a decrease in the aerosol invigoration effect have
emerged.
(3) The reduction in COVID-19 emissions altered atmospheric
circulation, enhancing the low-pressure band over the Bay of

Bengal and blocking high patterns on India’s west and east
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sides. It played a crucial role in amplifying the northward
transport of moisture.

(4) All these lead to enhanced convective activity that increased
rainfall over India by 0.04-2 mm day ™' (5%-25%) during the
lockdown period.

5 Summary and conclusion

COVID-19 lockdown has been shown to improve air
quality over the planet and alter the climate system in
various ways that are still uncertain. The lockdown also
provides a good opportunity to revisit a less polluted
atmosphere to determine how human activity influences the
environment and climate. It is interesting to note that due to the
sudden emergence of the COVID-19 pandemic in early 2020,
emissions were reduced notably causing an immediate and
abrupt change in various components of the climate and
earth system. Such sudden changes in emission could be
significantly different from gradual policy-driven emission
changes (Yang et al, 2022). It is important to mention that
aerosol induced changes to the climate system are significantly
different from GHG induced changes as the former possesses
strong non-uniformity and non-linearity (Deng et al., 2020).
This points to the fact that even small aerosol reductions (40%)
during the pandemic could potentially impact and create a
dramatic change in the earth system.

Quantifying the regional climate response in terms of cloud
and precipitation changes in connection with emission/aerosol
changes has always been challenging (Xie et al., 2020). Also,
these are important processes to consider in weather and
climate predictions. In this study, using the ECHAMG6-
HAMMOZ state-of-the-art aerosol-chemistry-climate model,
we have investigated the possible reasons behind the observed
enhancement in rainfall witnessed during the lockdown period
over the Indian regions. The mean rainfall enhancement was
found to be 5%-25% (0.04-2 mm/day) and is consistent in both
observations and the C19 model simulation. We propose two
supporting paths for the observed rainfall changes during the
pre-monsoon of 2020. During the lockdown period, an increase
in surface warming of 1°C was seen over broad swaths of the
Indian landmass due to roughly 40% reductions in aerosol over
the South Asian regions. Dust enhancement and reduction of
anthropogenic aerosols resulted in increased heat across North
India, the Himalayan foothills, and the TP areas. This might
have led to the EHP amplification that is conducive to enhanced
precipitation. Furthermore, the COVID-19 emission reduction
induced a cyclonic circulation over the Bay of Bengal, resulting
in increased moisture convergence to the Indian mainland,
contributing to the observed rainfall enhancement. Besides this,
lockdown-induced changes can be seen in cloud parameters
the
ERA5 reanalysis. The cloud invigoration caused by aerosols

and are discernible in model simulations and
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may have been hampered due to the reduction in aerosols. As a
result, we saw an increase in cloud cover (Yang et al., 2022),
cloud effective radius and a cloud base height reduction, which
could have translated to an increase in cloud water content and
droplet size (Chakraborty and Maitra, 2013; Timmermann
et al., 2020). Such circumstances may aid in increasing the
likelihood of precipitation (Timmermann et al., 20205 Lee et al.,
2021; Yang et al.,, 2022).

Aside from natural and anthropogenic aerosols, natural
oscillations (El Nino, PDO, IOD, etc.) and remote drivers
(e.g., Arctic Sea ice melting, Chatterjee et al., 2021) may
potentially play an important and complex role in
modulating cloud and rainfall over India. It's worth noting
that the link between air pollution/emission forcing anomalies
and cloud responses isn’t limited to the forcing regions. A
generalization of our results is limited due to the use of a single
model and our results are specific to the regional emission
perturbations. As society evolves and adopts policy measures
gradually, regional and temporary emission reduction may
continue to occur in the future. In this context, our study
lends opportunities to enhance scientific understanding of how
extreme weather and climate may respond to short-term
emission perturbations like those that took place during the
COVID-19 pandemic. Nonetheless, we can re-confirm the
importance of anthropogenic pollution reduction for
enhanced water availability across the Indian subcontinent
and comprehend the robustness of its climatic implications.
This will aid in understanding the necessity of improved

emission management policies for a brighter future.
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Appendix A: Calculation of moisture
flux convergence

The moisture conservation equation in flux form of vertical
integration suggested by Trenberth et al. (2011). Vertical
(VMIT)
convergence (moisture flux convergence, MFC) are important

integrated ~ Moisture  flux/Transport and its
proxies to understand the source and sink of moisture and hence
the precipitation (Chansaengkrachang et al., 2018). Especially,
the moisture flux convergence (MFC) has been considered to
directly characterize the behaviour of extreme precipitation.
The wind vector, V, is defined by V = (u, v), where u and v are
the east-west and north- south components of wind. The
vertically integrated moisture transport (VIMT) improved
from Fasullo and Webster, 2003 from Fasullo and Webster

(2003) is calculated as follows
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VMIT = J;O Vdp/g (A1)
and the vertically integrated moisture fluxes of u and v
components are calculated as Jf;o udp/g and J'I;SO vdplg
respectively. Where g is the acceleration due to gravity and ps
is the surface atmospheric pressure in hPa.

Specific humidity is very small above the 300 hPa level and is
not an effect to vertically integrated moisture transport (Fasullo
& Webster, 2003).

Finally, the
(convergence) is calculated by calculating the divergence of
VMIT as follows

Finally, moisture  flux  divergence

MFC = V.VMIT (A2)
MFC=1v. J‘” Vdp (A3)
g Jso
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